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Abstract
Acid/base modifiers are sometimes used as additives in normal phase elution on
columns packed with amylose tris(3,5-dimethylphenylcarbamate) stationary phase
to separate enantiomers. When modifiers are removed from the mobile phase, the
stationary phase is affected in ways that are not understood because of the lack of
systematic studies, making the scale-up of preparative separations difficult to
predict. Once a column has been exposed to these modifiers, the selectivity of
certain pairs of enantiomers may change, for the better or the worse. Numerous
pairs of molecules affected by this phenomenon are listed in the literature. Five
pairs of these molecules were chosen, the selectivity of which changes after an acidic
or basic solutions has been percolated through the column. The selectivity of the
ketoprofen, 4-chlorophenylalanine methyl and ethyl esters improves after a solution
of ethanesulfonic acid is percolated through the column. The selectivity of the
propranolol HCl and Tro¨gers base increases after a solution of diiospropylethylamine
is percolated through the column. The selectivity of these the 4-chlorophenylalanine
ethyl ester, Propranolol and Tro¨ger’s base enantiomers is inversely affected by
percolation of the opposite acid/base solution. This residual change in certain
enantiomeric separations has been named the Memory Effect. In contrast,
trans-Stilbene oxide (tso) was used as a standard to determine the column’s
stability because no Memory Effect is observed for this separation (the retention,
enantioselectivity, and resolution remain constant). Karl Fischer titrations showed
vii
that only slight changes in the mobile phase’s water content occurred, and that the
water to polymer repeat unit ratio is important. Analytical studies of the stationary
phase suggest that slow protonation/deprotonation of water bounded to the
carbamate moiety may be responsible for the Memory Effect. It has been shown
that the Memory Effect can be minimized by percolating through the column a
sufficiently concentrated solution of the appropriate acid or base. Thus, columns
that were unreliable for method development, due to the Memory Effect, can now
be used. As a result, the scale-up of preparative separations can be predicted and
successfully performed. Finally, a test was devised to determine if a column was
under the influence of the Memory Effect.
viii
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Chapter 1
Introduction
1.1 Purpose
1.1.1 Background
Even though many methods exist to obtain enantiomericly pure material, three are
used predominately in the laboratory: asymmetric synthesis, crystallization, and
chromatography [2]. Each of these techniques has extensive research interest. In
asymmetric synthesis, determining a proper catalyst to create single enantiomers
has been a major focus [3]. Many significant issues arise when attempting to create
single enantiomers in this manner. Some of these include the following: removal of
toxic reaction initiators, starting material and intermediate screenings, low
stereo-selectivity, low turnover number, and instability of the catalysts [4]. Within
the field of crystallization, combining either partial asymmetric synthesis or
chromatography with crystallization has recently become a focus of much effort [5]
due to the difficulty of creating enantiomericly pure crystals from an achiral
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environment [6]. The focus on combining techniques with crystallization can be
attributed to the spontaneous nucleation of both enantiomers [7] and the analysis of
the purity of each product crystal [8]. The focus of the research presented here is to
further the understanding of the chromatographic purification of enantiomeric pairs.
Within chromatography, one type of chiral environment (see Section 1.2.3), the
stationary phase produced as the CHIRALPAK R©AD R©, has been recognized as
extremely versatile due to the large number of enantiomeric pairs which can be
resolved when in use [9]. The polymer which creates the chiral environment is
amylose tris(3,5-dimethylphenylcarbamate) (See Figure 1.1). The actual chiral
environment is created by the polymer’s secondary structure which is an α-helix
(discussed in Sections 1.3.2 and 1.3.3). The stationary phase made from this
polymer is the CHIRALPAK AD from Diacel Industries (Osaka, Japan). Yet at the
same time, this chiral environment has several drawbacks, some of which have been
the focus of other research. In the past, the stability of the polymer creating the
chiral environment in chromatography has been limited in the types of solvents that
could be used to create the separation. Recently, however, significant research has
been conducted to eliminate this drawback [10]. Yet, researchers have not addressed
another weakness of this stationary phase. When the polymer [11] of amylose
tris(3,5-dimethylphenylcarbamate) is exposed to acidic or basic mobile phase
modifiers (such as triflouroacetic acid, ethanesulfonic acid, diethyl amine or
diisopropylethylamine) the chiral environment is changed. Certain racemic mixtures
continue to separate identically before and after this exposure, while other racemic
mixtures are drastically influenced by the changed environment. The residual
change in selectivity after the mobile phase modifier is removed has been called the
Memory Effect [12]. The goal of this this research is to understand, control, and
provide remediation for this environmental change. A better understanding and
control of this phenomenon involved in the chromatographic selectivity of
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enantiomeric pairs is required to make predictions about the best methods for
purifying chiral molecules.
1.1.2 Motivation
In 2002 Yun K. Ye and co-workers first documented the Memory Effect for the 10
µm CHIRALPAK AD stationary phase [13] separation racemic amino acids using a
90/10 (v/v) hexanes/ethanol mobile phase. The more efficient 5µm particles were
not introduced to the pharmaceutical industry until 2004 [14]. As a result, Ye and
co-workers did not document the existence of the Memory Effect on this size
stationary phase. The large scale purification of pharmaceutical active ingredients
(APIs) using the 20 µm stationary phase was still in the development stage at the
time of Ye’s work. In 2003 Miller and co-workers at Pharmacia, Skokie, IL,
USA [15] describe the pilot plant test results of large scale purification of APIs. In
2004, Welch and co-workers at Merck, Rahway, USA [16] describe the
multi-kilogram preparation of a potential HIV protease inhibitor. Since the
introductory work by Ye, the importance of the 20 µm stationary phase has
increased. With the expiration of legal patents on the CHIRALPAK AD stationary
phase taking place [17], additional manufacturers of this product will be introducing
new sources of this stationary phase into the pharmaceutical laboratories. The
determination of the existence of the Memory Effect on the 20 µm CHIRALPAK
AD stationary phase will have an influence on the pharmaceutical industry. Yun K.
Ye and co-workers did not describe methods to transfer the Memory Effect to other
columns, nor were suggestions made on methods to adequately remove the Memory
Effect from the stationary phase. Additionally, the relationship between the
Memory Effect created by acid mobile phase modifier and base mobile phase
modifier was not described. Recognizing that the use of CHIRALPAK AD
stationary phase in the pharmaceutical industry relies on the reproducibility of
3
OO
O
O
O
NH
HN
NH
O
O
O
R
R
n
Figure 1.1: The structure of the amylose tris(3,5-dimethylphenylcarbamate)
repeating unit [11]. The R indicates the linkage to additional repeating units.
4
enantiomeric separations has led to the testing, control, and removal of the Memory
Effect described in the second chapter of this dissertation.
The experiments carried out to improve the control and removal of the Memory
Effect described in the second chapter led to two ideas for chromatographic tests
that would further the understanding and control of the Memory Effect. First, the
Karl Fischer results did indicate that water was present in the mobile and
stationary phase. In Yun K Ye’s work, water was indicated as a method to remove
the Memory Effect [13]. The initial interest in the experiments used during the
third chapter of this dissertation was to determine how much water would remove
the Memory Effect. As will be described in Chapter 3, the relationship between
water and the Memory Effect is actually involved in the stabilization instead of the
removal of the phenomenon. Second, complex Langmuir isotherms were observed for
Memory Effect sensitive racemic pairs which are important in the development of
large-scale purification techniques. Preparative separations would provide additional
information about the formation of analyte layers on the stationary phase. The
results of the preparative stabilization of the Memory Effect is described in Chapter
4.
The studies carried out to create Chapters 2, 3, and 4 led to the design of the
experiments described in Chapter 5. The columns used for the previous studies
indicated that steady-states were formed which could be reproduced. As a result, if
specific racemic mixtures always separated identically at these steady-states then a
method could be created that would detect the existence of the Acid or Base
Memory Effect.
Further work in the fundamental understanding of the Memory Effect on the
amylose tris(3,5-dimethylphenylcarbamate) does exist. The detection of the
stationary phase modifier either in the eluent or remaining adsorbed on the surface
5
would be of great interest. Additionally, the potential mono-layer formation of
certain enantiomers or racemic mixtures on surface of the stationary phase could be
investigated. These additional experiments are all beyond the scope of this
document. The experiments described in this dissertation are directed towards the
chromatographic control of the phenomenon.
1.2 General Chromatography
1.2.1 Concepts and Equations
Retention Times
At the turn of the twentyth century Mikhail Tswett was the first to record the use
of a chromatographic system [1]. Since then, chromatography has been defined as
the separation of a mixture into single components through interactions between
two phases. These two phases can be gases, fluids, or solids; any combination being
a type of chromatography. For example, gas chromatography is the interaction of a
gas mobile phase passing over a solid or liquid phase. For the research described in
this dissertation a liquid mobile phase is passed thorough a solid phase, where the
solid phase has a finite dimension described as a column. Each component in a
sample interacts differently with the solid phase, leading to separation due to
variations in the total time each component requires to exit the column.
In many cases, the injection of solvent, even the same mobile phase, causes a
disturbance in the UV signal as the injected solvent is eluted from the column. The
amount of time from injection until the first disturbance in the UV signal is detected
is called the dead time, the column volume, or the solvent front (tM) [1] measured
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either in time or volume. A measurement, called the retention time of a component
(tR) can also be determined from the observation of the UV signal disturbance
which is retained on the column for more time (or mobile phase volume) than the
tM . The method to measure both of these retention times is shown in Figure 1.2.
The calculation of the average linear rate of movement (u) [19] for the solvent
peak is defined as:
u =
L
tM
(1.1)
where L is the length of the column. Adjusting 1.1 by replacing tM with the
retention time of one component, tR, the average linear rate (v¯) of any component
can be calculated as shown in this equation:
v¯ =
L
tR
(1.2)
Capacity Factor and Selectivity
The retention time (tR) for each component of a mixture will be slightly different
unless multiple components co-elute. Each component in a mixture to be separated
is retained within the column (the stationary phase) for a different period of time.
The relationship between the molar concentration of one component at any time
within the stationary phase and the mobile phase at equilibrium is called the
partition coefficient (KR), which can be defined as:
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KR =
cS
cM
(1.3)
where cS is the concentration in the stationary phase and cM is the
concentration in the mobile phase. The total moles of a single component in the
mobile phase or stationary phase is calculated by multiplying the concentration by
the volume of either the stationary phase or the mobile phase within the column.
Both the column (VS) and mobile phase volumes (VM) can be calculated from
information already provided. The solvent volume (VM) of a column is calculated by
VM = tM × FR (1.4)
where FR is the flow rate of the solvent percolating through the column. The
stationary phase volume can then be calculated by using the total volume of the
interior of the column (a cylinder V=pi*r2*L) and subtracting the mobile phase
volume (VM). A relationship between the concentration, volume and retention time
of a component determines the measurement of the components’ migration through
the column. The equation of this migration rate can be represented as
v¯ = u× 1
1 +KR/VM
(1.5)
The capacity factor (k′R) of a single component is a relationship between the
measured ratio of the stationary and mobile phases volumes and a specific
component’s partition coefficient (KR). By measuring the portion of time a
component spends in the mobile phase, the capacity factor can be calculated as
follows:
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k′R =
KRVS
VM
(1.6)
Replacing k′R into equation 1.5 will give this equation:
v¯ = u× 1
1 + k′R
(1.7)
To collect this data from the chromatograph equations, equations 1.1 and 1.2
must be substituted into equation 1.7. Rearranging the equation gives the standard
equation for the capacity factor of a single component
k′R =
tR − tM
tM
(1.8)
The selectivity factor (simplified to ”selectivity” elsewhere in this manuscript)
can be calculated from the capacity factors ratio for two different components. The
definition of selectivity (α) is
α =
k′R2
k′R1
(1.9)
In this equation, k′R1 and k
′
R2 are the capacity factors of two different
components with k′R2 being the capacity factor for the longer retained component.
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Efficiency and Resolution
Column efficiency and resolution can also be calculated from the data represented in
Figure 1.2. During the process of using a column for extended periods of time it is
useful to measure the resolution of specific pairs of components. This type of testing
verifies that the column is still separating that specific pair identically. For this
research, the specific pair was (R,S )-trans-stilbene oxide (CAS No. 1439-07-2 – tso).
A Gaussian distribution exists in a chromatographic peak, and as a result, the
variance from the ideal peak shape can be used to measure the separation’s
efficiency. To correct for variations due to the length of time a component remains
in the column, the efficiency is measured as
H =
σ2
L
(1.10)
where H is the height of a theoretical plate and σ - the square root of the
variance - is defined as
σ =
LW
4tR
(1.11)
In this equation, W represents the width of the peak at the baseline, measured
in time, as represented in Figure 1.2 as Wb1. Substituting σ in Equation 1.10 gives
the equation for the number of plates using information gathered from a
chromatograph. The equation for the height of one theoretical plate (H ) becomes
H =
L
16
(
W
tR
)2
(1.12)
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To determine the total number of theoretical plates (N) in a specific column, the
length of the column (L) is divided by Equation 1.12 to give the following equation:
N = 16
(
tR
W
)2
(1.13)
A separation’s resolution (Rs) can also be calculated. The resolution measures
how well two components in a mixture separate on a specific column. The most
used definition of resolution [18] is defined as
Rs =
√
N
4
α− 1
α
k′R2
1 + k′R2
(1.14)
Yet, Equation 1.14 is not the most accurate. The most accurate calculation for
resolution requires that the two peaks have a similar number of theoretical plates
(N ). The more accurate equation is given here:
Rs =
√
N
2
(α− 1)
(α + 1)
k′av
(1 + k′av)
(1.15)
where k′av is the average of the two peaks retention factor. Numerous other
resolution equations exist [1] [18] [19], the most important consideration is using the
same equation consistently. By adjusting the columns of any dimension to the same
linear velocity, the selectivity and the resolution can be used to compare the
different columns.
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1.2.2 Retention Mechanisms
Much research has been conducted to determine the retention mechanisms in
normal-phase liquid chromatography. In normal-phase chromatography
solvent-solvent or solute-solvent interactions [20] [21] and adsorption [22] [23] are
the two broad mechanisms which describe how retention occurs in chromatography.
These mechanisms are considered to be the driving forces behind non-stereoselective
separations in normal phase chromatography. If these were the only interactions
that took place retention would occur but the chirality of enantiomers would not be
recognized. Within both of these mechanisms, molecular interactions account for
the selectivity. The molecular interactions occur in both the mobile phase and
stationary phase as hydrogen bonding, dipole-dipole, induced dipole, pi-pi
interaction, and van der Waals – the fundamental forces creating selectivity [24].
The molecular interactions which create selectivity in achiral chromatography are
also important in the selectivity of enantiomers. But one additional mechanism is
required to create selective forces between two enantiomers. With the only
difference between enantiomeric pairs being symmetry, all the interactions and
mechanisms work identically on both molecules. As a result, a chiral environment
must be introduced to create a selective surface for the enantiomers to separate (see
Figure 1.3) [25]. This process can be done in a number of ways. Mobile phase
additives can be used without the need for chiral stationary phases. For example,
Sakalgaonkar and co-workers used β-cyclodextrin as a mobile phase modifier to
separate fexafenodine on a C-18 stationary phase column using an
aqueous/acetonitrile mobile phase [26]. This method can be a fast and inexpensive
means of separating enantiomers. The major drawback to this method of
enantiomeric separation is that the mobile phase modifier is retained with the
enantiomers, both in the detection cell and – in the case of preparative separations –
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in the purified fractions collected. In the research described in this dissertation the
stationary phase has instead been used to differentiate the enantiomer’s symmetry.
1.3 Experimental
1.3.1 Instrumentation
The mobile phase in liquid chromatography consists of either a single solvent or a
mixture of solvents. In chromatography, the mobile phase is also called the eluent,
while the individual components of a mixture are eluted from the column. This
eluent is percolated across the stationary phase usually using a high pressure pump.
Samples are typically introduced into the solvent flow prior to column through an
injection system. The temperature of the column and mobile phase can be kept
constant by using a column temperature chamber which warms the solvent before
the solvent enters the column. The eluted component can be detected through
numerous methods, the most prevalent technique being ultra-violet absorption. The
eluent carrying the individual components is passed through a small cell, which is
called a flow cell and is part of a dynamic system used to detect the slightest
changes in energy absorbed on the detection array (see Figure 1.4).
For this research, either an Agilent (Santa Clara, CA, USA) HP 1100 or HP
1090 high performance liquid chromatographic system was used. Both systems
contain all four of the individual instruments described previously. The only
difference between the two types of systems is the pump design. The HP 1100 has a
single pump, which permits the use of a solvent system described as isocratic. The
HP 1090 has three pumps which can combine the flow of three different solvents
13
Figure 1.2: Measurement of solvent and single component retention time. Image
from The Essence of Chromatography [18].
Figure 1.3: The separation of two enantiomers requires a chiral enviroment to
distinguish based on symmetry. Image from Nguyen co-workers [27]
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Figure 1.4: Detector and light path for the UV detector. Image from Agilent
Technologies [28].
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into a ternary component mobile phases. Yet for all the experiments done, an
isocratic mixture of 90% hexanes and 10% ethanol was used.
1.3.2 Polysaccharides
The use of a chiral stationary phase with polysaccharides as the backbone in liquid
chromatography was first investigated by Okamoto and co-workers in 1984 [29].
Derivatives of the polysaccharides with tri-carbamates or tri-esters were the most
successful at chiral recognition. Due to their abundance and resolution capabilities,
the cellulose and amylose polysaccharides have become the most popular stationary
phases available today [30]. In 1987 Okomoto and co-workers discovered that the
tris(3,5-dimethylphenylcarbamate) derivatives of amylose and cellulose
polysaccharides were excellent at chiral recognition [31]. A significant difference
exists between the shape of the cellulose and amylose secondary structure of these
derivatized polysaccharides which creates a hydrophilic cavity. In the cellulose, due
to the β-1,4 linkage, the hydrophilic cavity is exposed to the mobile phase. In the
amylose, the α-1,4 linkage (see Figure 1.5a) encourages the formation of a chiral
helical groove with polar carbamate groups at the center of the groove (See Figure
1.5b) making chiral selectivity much more prominent than in the cellulose
structure [32]. Okomoto and co-workers were able to model both the amylose and
cellulose tris(3,5-dimethylphenylcarbamate) structures in 2002 [33]. At the top of
Figure 1.6 the groove created by the hydrophilic portion of the carbamate
substituent can be seen. At the bottom of Figure 1.6 the accessibility of the
hydrophilic portion can be seen in the cellulose structure. The well defined groove
(or cavity) created in the amylose structure is responsible for the amylose
tris(3,5-dimethylphenylcarbamate) stationary phase being considered the best
materials for chiral recognition [34].
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(a)
(b)
Figure 1.5: a) The α-linkage in the repeating amylose structure. b) A model of
the polymer structure using 100 repeating units created in chloroform by Yamamoto
and co-workers [33]. Four hydrophilic grooves can be seen. Red - oxygen, dark blue
- nitrogen, light blue - carbon, and white - hydrogen
17
Figure 1.6: At the top is a model of the amylose tris(3,5-dimethylphenylcarbamate)
polymer. At the bottom is a model of the cellulose tris(3,5-dimethylphenylcarbamate)
[35]
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1.3.3 Mobile Phases
The selection of mobile phase in normal-phase chiral chromatography has been
thoroughly investigated [36] [37] [38]. In using the chiral stationary phases, which
have both hydrophilic and hydrophobic centers, as well as both polar and non-polar
traits, the traditional normal-phase or reverse-phase concept is misleading.
Reverse-phase chromatography is described as interactions between polar solvents
and non-polar stationary phases, yet the CHIRALPAK AD has the polar groove
responsible for chiral selectivity. At the same time, the 3,5-dimethylphenyl
substituents create a non-polar surface on the stationary phase. Polar mobile phases
interact strongly with the chiral groove (see Figure 1.6), while non-polar mobile
phases interact more with the 3,5-dimethylphenyl substituents. As a result, the old
description of reverse-phase separations are difficult to limit to specific solvents.
The term polar organic mode [39] where methanol or acetonitrile is used has begun
to be used to specify this separation system. The classical normal-phase definition is
retained where the most non-polar solvents (heptanes and hexanes) are used. When
water is used as the eluent, usually containing some methanol or acetonitrile, the
system is described as the aqueous mode.
The mobile phase’s influence on the phenomenon in this research (see Chapter
2.1) was also first recognized by Ye and co-workers [12] [13]. The Memory Effect is
either suppressed or eliminated by using the polar organic or the aqueous mode as
the work by Stringham and co-workers indicates [40]. As a result of these
observations, the mobile phase selected for these studies was a mixture of hexanes
and alcohols.
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1.4 Preparative Chromatography
In analytical chromatography, the injected mass is kept within a range that allows
the molar mass (cM) in the mobile phase to be similar to the molar mass (cS) in the
stationary phase. The straight lines in Figure 1.7 represent this analytical condition.
As the concentration of the injection is increased, deviations from linearity occur. In
Langmuir isotherms, the active adsorption sites will eventually be completely
occupied. As the concentration of the injected analyte is increased, the slope begins
to decrease due to the maximum adsorption capacity being reached (See Figure
1.7a). The chromatographic peak shape will become distorted as the adsorption
capacity is reached. In Figure 1.8, the first peak (a) has a Gaussian peak due to the
linear relationship between the concentrations in the stationary and mobile phases.
In the second peak (b) of Figure 1.8, the peak’s leading edge is nearly vertical. This
peak shape is due to a larger concentration in the mobile phase eluting faster than
the lower concentration in the stationary phase and is considered to be
representative of an injection displaying a Langmuirian isotherm [41]. On occasions,
the injected sample does not respond with either a linear or a Langmuir isotherm.
This type of isotherm is called a non-Langmuir-like isotherm [42] and is caused by
interactions with the stationary phase, creating multi-layers of analytes on the
surface of the stationary phase. The concentration gradient in a non-Langmuir
isotherm can look like the graph in Figure 1.7b, and the peak shape eluting from
the column can look like the third graph (c) in Figure 1.8 [41].
1.4.1 Method Scaling
The process of chiral separation method development and transfer of specific
methods to other columns involves making single injections of one racemic mixture
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(a)
(b)
Figure 1.7: a) Langmuir isotherms occur as the adsorption sites on the stationary
phase reach maximum capacity and no more adsorption can occur. The linearity
which occurs at low injection mass is displayed as a straight line in the graph. b) Non-
Langmuir isotherms occur as the analytes begins to create layers on the adsorption
sites. The concentration on the stationary phase will be larger than in the mobile
phase. [41]
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Figure 1.8: a) Analytical peak shape with Guassian distribution is created when
equal concentrations exist in mobile phase and on stationary phase. b) Langmuirian
peak shape eluting from the column when the adsorption sites cannot accept any
more analytes. c) Non-Langmuir peak shape eluting from the column occurs as the
analytes creates additional layers at the adsorption sites. [41]
on a specific column using a specific mobile phase. In this research, the mobile
phase was 90% hexanes with 10% ethanol (v/v), and the column was the
CHIRALPAK AD from Chiral Technologies (West Chester, PA, USA). Due to the
limitations in column and mobile phase, the transfer of an analytical chiral
separations method to a preparative column was based on adjusting the injection
mass and retaining the linear velocity. Changes in the injection mass are directly
proportional to the volume of each column because the volume can be used due to
both columns containing the same stationary phase with the same density, packing
density, and surface area per volume. As a result, the total injection mass on the
preparative columns was 2.6 times larger than on the analytical columns. Adjusting
the flow rate requires the ratio between the two column volumes to be known and
must factor in the difference in column lengths. In this research, the flow rate
scaling ratio between analytical columns and preparative columns was calculated by
using the dead time (tM) measured at a flow rate of 1 mL/min. In this way the flow
rate scaling ratio was determined to be 2.6 time the analytical column flow rate.
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1.4.2 Chemicals
The mobile phase used in the following experiments consisted of hexanes (CAS No.
110-54-3) obtained from Fisher Scientific (Pittsburgh, PA, USA) and manufactured
by JT Baker (Phillipsburg, NJ, USA) this product contains more than 95%
n-hexane, with less than 2% methyl-cyclopentane and small amounts of branched
hexanes. The alcohol modifier of the hexanes was either 200 proof ethanol (CAS
No. 64-17-5) obtained from Decon Labs (King of Prussia, PA, USA) or ACS reagent
grade alcohol obtained by Fisher Scientific. ACS reagent grade alcohol contains 90%
ethyl alcohol, 5% isopropyl alcohol (CAS No. 67-63-0), and 5% methyl alcohol
(CAS No. 67-56-1). The mobile phase was dried with 5 A˚ molecular sieves obtained
from Supelco (St. Louis, MO, USA). Chemicals obtained from Sigma-Aldrich (St.
Louis, MO, USA) included ethanesulfonic acid (ESA) - 95% (CAS No. 594-45-6),
(+/-)4-chlorophenylalanine methyl ester (4CPME – CAS No. 14173-40-1),
(+/-)4-chlorophenylalanine ethyl ester - 97% (4CPEE – CAS No. 52031-05-7),
1,3,5-tri-tert-butylbenzene - 97% (TTBB – CAS No. 1460-02-2) used as a column
void marker, (+/-)propranolol hydrochloride - 99% (CAS No. 318-98-9), and
(+/-)Tro¨ger’s base (CAS No. 529-81-7), the (+/-)ketoprofen - 99% (CAS No.
22071-15-4) was obtained from Spectrum Chemicals (New Brunswick, NJ, USA),
and the (+/-)trans-stilbene oxide (tso) - 97% was obtained from Acros Organics.
The N,N-Diisopropylethylamine (DIPEA - CSA No. 108-18-9) was obtained from
Alfa Aesar (Ward Hill, MA, USA) through a gracious gift from Dr. Shawn
Campagna’s research group (University of Tennessee, Knoxville, TN, USA).
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Chapter 2
The Memory Effect on amylose
tris(3,5-dimethylphenylcarbamate)
stationary phase
Joel Putnam, Georges Guiochon Department of Chemistry, University of Tennessee,
Knoxville, TN 37996-1600, USA Journal of Chromatography A, 1216 (2009) p 8488
- 8495
2.1 Introduction
Over the last decade the pharmaceutical industry has considerably increased its
demands for the pure enantiomers used in the production of active pharmaceutical
ingredients (API). In 2006 75% of all drugs approved by the FDA were
enantiomericly pure [43]. Today, the manufacturing of single enantiomers has
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become a multi-billion dollar industry [44]. For example, in the market year 2000,
the production of single enantiomers had already reached $6.63 billion [45]. Further
growth in this area has been speculated to be at least 9% per year [46]. To address
this growing market, many pharmaceutical companies have either in-house
chromatographic departments or contract the separation of racemic mixtures to
outside sources [47].
Polysaccharide-based phases are one of the most rugged and versatile stationary
phases on the market [48]. Francotte noted that as recently as 2006 the amylose
tris(3,5-dimethylphenylcarbamate) (CHIRALPAK AD - from Diacel Industries,
Osaka, Japan) is one of the four chiral stationary phases responsible for separating
70-88% of all racemic mixtures tested on these phases [49]. Unfortunately, this
stationary phase has a major drawback when preparative (non-linear)
chromatography is coupled with experimental results obtained in linear
chromatography. A phenomenon called the Acid/Base Memory Effect (A/BME)
can nullify the work of a method development chemist by changing the chiral
environment within the column. Ye and Stringham published the first systematic
study of this phenomenon in 2001 [12]. The Memory Effect is a phenomenon where
the retention factors of an enantiomeric pair and their separation factor may
undergo drifting for a long period of time after flushing the column with an acidic or
a basic mobile phase. At the time of Ye and co-workers’ work, the A/BME was
considered to be two separate phenomena where certain racemic mixtures were
influenced by an acid modifer and others were influenced by a basic mobile phase
modifier. This research will show that this is not the case, and instead, those
racemic mixtures which separate with an acidic mobile phase modifier will respond
to the basic mobile phase modifier and visa versa. Examples of the Memory Effect
influencing the separation of certain racemic mixtures can be seen in Figure 2.1 for
racemic mixtures that are influenced by the column’s exposure to acidic mobile
phase modifiers and in Figure 2.2 for racemic mixtures that are influenced by the
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column’s previous exposure to basic mobile phase modifiers. Other racemic
mixtures are not influenced by the column’s previous exposure to either mobile
phase modifiers as shown in Figure 2.3.
In previous studies by Stringham and Ye, columns packed with 10 µm particles
of the stationary phase were tested [12] [13] [50]. Columns packed with either 5 or
20 µm particles have not yet been examined. The characterization of the A/BME
occurring with columns packed with 20 µm particles of CHIRALPAK AD are the
main goal of this work. Research has already begun on columns packed with 5 µm
particles, and these results will be addressed in future work. Even though it could
be expected that all three sizes of this stationary phase would exhibit the same
phenomenon due the use of the same polymer coating, this may not be the case
because the manufacturing of the three grades of this stationary phase are different.
Included in the manufacturing process are changes in the silica base, the carbon
load, the specific surface area, the average pore size, and the pore size distribution.
This suggests the possibility that each particle size of the stationary phase may
perform differently. Actually, columns packed with 5 and 20 µm particles do not
respond to the influence of mobile phase modifiers in the same way, whereas the 20
µm particles do respond to the Memory Effect, the 5 µm do not seem to recognize
the presence of ethanesulfonic acid or diisopropylethylamine (see Figure 2.4).
2.1.1 Columns
The empty 4.6× 150 mm column tubes, caps, and frits were obtained from Isolation
Technologies (Hopedale, MA, USA). The columns were graciously packed with 5 µm
and 20 µm CHIRALPAK AD particles by Chiral Technologies (West Chester, PA,
USA). The results obtained with the 5 µm particles will be discussed in an
upcoming paper.
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(a)
(b)
Figure 2.1: a) The chromatogram of an injection of the 4CPEE racemic mixture
without ESA treatment. b) The separation of the 4CPEE racemic mixture after
treatment of the stationary phase with ESA. Conditions: 40 ◦C, 90/10 (v/v)
hexanes/ACS reagent grade alcohol, 6bar, 1.0 mL/min flow rate, CHIRALPAK AD,
Agilent ChemStation chromatogram: x-axis is measured in min and the y-axis is
measured in mAU.
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(a)
(b)
Figure 2.2: a) The separation of an injection of the propranolol racemic mixture
without the DIPEA treatment to the stationary phase. b) The separation of
the propranolol racemic mixture after treating the stationary phase with DIPEA.
Conditions: same as Figure 2.1.
28
(a)
(b)
Figure 2.3: a) The separation of an injection of the TSO racemic mixture after a
treatment of ESA to the stationary phase. b) The separation of the TSO racemic
mixture after a treatment of DIPEA to the stationary phase. Conditions: same as
Figure 2.1.
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(a)
(b)
Figure 2.4: a) The separation of an injection of the 4CPEE racemic mixture using
ESA as a mobile phase modifier. b) The separation of the 4CPEE racemic mixture
using DIPEA as a mobile phase modifier. Conditions: same as Figure 2.1.
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2.2 Procedures
2.2.1 Water determination
A Karl Fischer coulometric titration was carried out on numerous samples of the
mobile and the stationary phase. The instrument used was a Aquametry I
Apparatus from Barnstead International (Dubuque, IA, USA). The chemicals used
for these experiments were methylene chloride, stabilized Karl Fischer reagent, and
diluent for stabilized Karl Fischer reagent. All of these chemicals were obtained
from Fisher Scientific (Pittsburgh, PA, USA). Preliminary results will be discussed
in the Results section of this paper.
2.2.2 Mobile Phase and Sample Preparation
The mobile phase was prepared as 90/10 (v/v) hexanes/ethanol. When ESA was
used as an additional modifier in the mobile phase, a ratio of 1 mL diluted in 99 mL
ethanol was used before addition of the 900 mL of hexanes. This was required
because ESA does not dissolve in pre-mixed hexanes/ethanol mobile phases, which
suggests that a highly hydrophilic acid, such as ESA, has a large partition constant
between the hexanes and ethanol/water phases. Other research by H Nakajima [51]
using 4-morpholine ethanesulfonic acid has shown that these organic sulfonic acids
are retained in the supernatant/aqueous solution.
The racemic mixtures were prepared by dissolving each one in ethanol and then
diluting with hexanes to create either approximately 0.5 or 1 mg/mL solutions. The
ethanol was spiked with TTBB to improve detection of the column volume marker.
The 4CPME and the propranolol required the lower concentration. Injection
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volumes were controlled in a way that the separated enantiomeric peaks stayed
within a range of 15,000 - 30, 000 area counts as measured by the Agilent
ChemStation software (detector settings – slope sensitivity: 5 mAU/m, minimum
peak width: 0.1 mAU∗s, area reject: 5 , height reject: 5 mAU). When using the
ESA and the DIPEA as samples, each was dissolved at 10 mg/mL and 25, 50, or
100 µL was injected, depending on the amount of acid or base needed to create the
specific effect.
2.2.3 Injection Sequences
The mobile phase was prepared in quantities of 1, 4, or 10 L. In each case, care was
taken to minimize the water content of the mobile phase. The mobile phase was
kept under positive pressure in vessels containing an inert atmosphere of nitrogen to
minimize the uptake of atmospheric water, and dried with 5A˚ molecular sieves,
prior to and during use. Samples were stored as 10 or 25 mL stock solutions. Each
injection was prepared by filling a 200 µL micro-insert and sealing the vial with a 10
mil Teflon septa. The micro-inserts and the Teflon septa were obtained from
National Scientific (Rockwood, TN, USA), and they minimized the evaporation of
the sample diluent during the injection sequence.
A sequence of injections consisting of the racemic mixture was repeated
approximately every 2 h during the use of a specific batch of mobile phase. For
example, 6 to 8 injection sequences would be made on each 1 L batch of mobile
phase. These sequences included each of the five racemic mixtures: TSO, 4CPME,
4CPEE, propranolol, and Tro¨ger’s base. ESA, DIPEA, and ketoprofen were added
to the sequence for specific tests.
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2.2.4 Test Methods
Karl Fischer Titration
The method used during the Karl Fischer tests came directly from the Aquametry
Apparatus Operations Manual [52]. Mobile phase samples were added after
collecting weighing data on each sample and calibrating the apparatus. Stationary
phase data were collected after weighing each sample and adding it to the
methylene chloride in the test chamber. The polymer tests were carried out either
by dropping the stationary phase directly into the chamber, or by stripping the
polymer from the silica support using methylene chloride and allowing the polymer
to dry prior to adding it to the analysis chamber.
Chromatography
The acid pulse injection test was the first test carried out on the 20 µm stationary
phase. All of the experiments were carried out at 40 ◦C. The ”maximum load” of
ESA was reached by making multiple injections at 25 µL of a 10.6 mg/mL solution
of the acid. After the maximum effect of ESA was reached, with similar results as
reported by Stringham and Ye [53] for the 10 µm stationary phase, the injection
process was continued with the ESA still in the sequence. This tested the effect of
additional ESA on the separations of the racemic mixtures after the maximum
selectivity was reached. When the ESA was removed from the injection sequence,
the persistence of the Memory Effect on the individual column with identical mobile
phase was evaluated. Before ending this set of verifications, two more sequences of
injections was carried out. The additional sequences exposed the column to DIPEA
by a similar method as the acid pulse injection and determined a maximum load of
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the DIPEA. The ESA was then reloaded, by pulse injection to determine if the same
maximum separation conditions could reach a second time.
Four additional tests were performed on the 20 µm stationary phase. One test
was the evaluation of pulse injections versus ESA modified mobile phase. Another
test was to evaluate the flushing procedure used by Stringham [13]. Two different
ESA rinse methods were attempted as the final tests. This involved pulse injections
of DIPEA as one test or flushing of the column with pure mobile phase as the other
test.
For the separation of the ketoprofen racemic mixture, suggestions by both
Riberio [54] and Chiral Technologies [55] were to have an acidic modifier added to
the mobile phase. Ketoprofen was introduced in the injection sequences, when
appropriate for the tests, but did not elute from CHIRALPAK AD under neutral or
basic conditions. During the acid pulse injection method successful separations were
carried out for the ketoprofen racemic mixtures.
Stringham and co-workers reported that a flushing procedure using a 4:1 ratio of
water:isopropanol would remove the AME [13] from the 10 µm stationary phase.
This experiment investigated whether the 20 µm stationary phase could also be
rinsed under the same conditions. The full process was to flush the column for 5 h
at 0.75 mL/min using 100% isopropanol, followed by 2 h of flushing with the 4:1
ratio of water:isopropanol, and finishing with 100% isopropanol for 5 h. Before
testing the results, the column was returned to the original mobile phase [90/10
(v/v) hexanes/ethanol] and flushed until the pressure and the UV-baseline returned
to the pre-isopropanol conditions. At that point only one sequence of injections was
carried out.
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In these results, the 4:1 ratio flush was not completely successful. A different
method was developed using pulse injections of DIPEA after the column was
exposed to ESA. If the AME was due to residual ESA, a weak organic base might
loosen the ESA from the stationary phase. This new procedure was identical to the
pulse injection of ESA, except that ESA was replaced by DIPEA. In this way, each
injection of DIPEA could be evaluated, and the possibility of reaching the
ESA-naive state might be reached without creating a Base Memory Effect. When
appropriate the tests included ketoprofen.
Ketoprofen does not elute from an acid naive column [54]. As the column is
exposed to more acid, the elution and separation of the enantiomers of ketoprofen
does begin to take place. The capacity factor of the combined enantiomers decreases
as more acid is percolated through the column. At a critical acid load, the racemic
mixture begins to separate. As with propranolol and the 4-chlorophenylalanine
esters, ketoprofen is an excellent molecule to determine how the A/BME can be
made to be ”permanent”. It could be assumed that since the persistence of the
Memory Effect decreases as acid free mobile phase is percolated through the
column, non-linear preparative chromatography could also show this decrease. In
the pharmaceutical industry this has not been shown, so experiments (see Chapter
4) have begun an investigation of how the Memory Effect could work in non-linear
chromatography [56].
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2.3 Results and Discussion
2.3.1 Water Content
Over the last decade two articles have indicated that the presence of trace amounts
of water in the mobile phase of normal-phase chromatography has a positive impact
on the separation of enantiomers. Both Svensson and co-workers [57] and Lu and
Rustum [58] discovered that increasing the water content of normal phase eluent
improves the separation of their particular set of enantiomers. In both research
groups – Svensson and Lu – it should be noted, additional acid/base modifiers were
used in the mobile phase. The Karl Fischer results indicated that during the process
of preparing the hexanes/ethanol mobile phase and using 5A˚ molecular sieves, some
water remained in the mobile phase (see Table 2.1). The stationary phase also had
trace amounts of water. The molar relationship between water and the stationary
phase repeating monomer unit was 2.9:1 (see Table 2.1). This could indicate that
each one of the three carbamate substituents could bind one water molecule.
Further research in this area is required.
More interestingly, Chelnov and co-workers [59] used an
ethoxynonafluorobutane/ethanol mobile phase instead of hexanes/ethanol and
discovered that the highly hydrophobic eluent improves the analytical and
preparative separations of many racemic mixtures. The water content of
ethoxynonafluorobutane/ethanol is of similar magnitude to that of hexanes [60].
Kagan continued to use diethylamine or TFA where appropriate. The effect of the
hydrophobic nature of this solvent on enantiomeric separations is quite intriguing.
Additionally it was noted that during the preparation of the ESA pulse injection
solutions the acid was not soluble in the 90/10 (v/v) hexanes/ethanol diluent.
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Table 2.1: Karl Fischer results from stationary phase and mobile phase. where
possible the average of triplicate data has been recorded.
Karl Fischer Results
Mass of 20 µm Stationary Phase (actual column used) 1.59 ± 0.03 g
% Carbon on Stationary Phase (polymer stripped from same batch) 19.9%
mM Polymer Repeating Moiety 0.52 ± 0.01
% Water in batch Stationary Phase 1.77 ± 0.05%
mM of water in batch Stationary Phase 1.56 ± 0.04
Water content of column 28 ± 1 mg
Ratio water molecules to repeating monomer unit 2.9:1
%wt water in atmospheric Mobile Phase 1.67 ± 0.05%
%wt water in Mobile Phase treated with molecular sieves 0.51 ± 0.05%
%wt water in 5 µm Stationary Phase exposed to atm 1.43 ± 0.07%
%wt water in dry 5 µm Stationary Phase 1.38 ± 0.07%
These observations might indicate that hydrophilic acids, such as ESA and TFA, are
responding to the presence of water in the stationary phase.
In the results shown in Table 2.1, it was apparent that the mobile phase which
had been exposed to atmospheric moisture had incorporated additional water in the
eluent compared to the 5A˚ molecular sieve dried mobile phase (0.51 ± 0.05% of
water versus 1.67 ± 0.05%).
During the Karl Fischer analysis, the stripped polymer required similar time as
the mobile phase (less than a minute) to reach a steady signal. Using the entire
stationary phase made the equilibrium much slower due the requirement that the
stationary phase be dissolved off the silica before the water was freed. Yet the
results of both tests were similar. It was assumed that the water already trapped on
the silica would not be removed, as suggested by Pelmenschikov and co-workers,
who indicated that it would take 8 kJ/mole to remove the water bound to
silica [61]. Another assumption, that silica does not absorb the water released from
the polymer was made by Teo and Ruthven [62] who showed that the equilibration
of silica/water adsorption takes on the order of three days for organic solvents,
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similar to the ones used in this analysis, contaminated with only 1% v/v of water to
fully absorb the water freed from the polymer.
The result that approximately three water molecules are adsorbed per polymer
repeating unit is significant. Even though the stationary phase may not have
exactly three carbamate side chains per unit polymer moiety (see Figure 1.1 in
chapter 1), the 3:1 ratio indicates that the carbamate side chain does have the
capacity to retain a nearly one to one ratio of water molecule per substituent on the
polymer repeat unit. When this water is exposed to the acid/base solution it is
possible that some form of exchange occurs, specifically protonation or
deprotonation of water. The product of this exchange can then be stabilized by the
large bond resonance of the carbamate group. Kaur and co-workers have published
the results of extensive mathematical calculations of the resonance stability of
carbamates [63]. The hydrogen bonding capacity of carbamates has been exploited
for numerous applications. Research by Wang and co-workers has used carbamate
moieties to capture anions due to the hydrogen bonding capability of the carbamate
moiety [64]. Kim and Hong have attached carbamates to the outer edges of zinc
porphyrin to increase the hydrogen bonding of their neutral anion receptor [65].
Combining the previous results with the new results indicates that water plays a
significant part in the mechanism of normal-phase chiral separations. Due to the
change in chiral selectivity it must keep in mind that a conformational change is
occurring within the stationary phase. But at the same time, the TSO results
indicate that the stationary phase cannot be changing in a way that affects the
separation of this racemic mixture. This would indicate that the conformational
changes are quite small. Certain conformational changes are certainly not taking
place. It has been reported by Olah and co-workers [66] that de-protonation of the
amide within the carbamate group under the experimental conditions using
hexanes/ethanol solvents and 40 ◦C is unlikely due to the thermodynamic stability
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trans-3,5-dimethylphenylcarbamate cis-3,5-dimethylphenylcarbamate
Figure 2.5: No steric hindrance in the trans-3,5-dimethylphenylcarbamate structure.
Rotation of the 3,5-diphenyl group is blocked by steric hindrance.
of the carbamate unit. The conformational changes like a cis/anti rotation of the
carbamate group is particularly unfavored due to steric hindrance as demonstrated
by Moraczewski and co-workers [67] (also, shown in Figure 2.5). Additionally, Zheng
and co-workers [68] have indicated that free silanols within the stationary phase
particles are not responsible for the Memory Effect as well.
Thus, previous results and these results show that a strong organic acid or a
weak organic base could interact with the water and/or the ethanol molecules in
both the mobile and the stationary phases. This interaction could change the 4/3
helical secondary structure of the polymer reported by Yamamoto [33] in a specific
manner allowing acidic and basic molecules to exhibit the A/BME. Further
investigations are needed to corroborate this assumption and prove the validity of
this mechanism of enantiomeric separations. The main goal of this chapter,
however, is to characterize carefully the A/BME.
39
2.3.2 The Memory Effect on columns packed with 20 µm
particles
The acid pulse test carried out was made using 25 µL injections of ESA at a
concentration of 10 mg/mL on the columns packed with 20 µm particles coated
with the polymer of amylose tris(3,5-dimethylphenylcarbamate). The influence of
these pulse injections on the 4CPME racemic mixture can be seen in Figure 2.6. A
linear change in the selectivity was noted for this racemic mixture as each successive
pulse injection of ESA was percolated through the column (See Figure 2.6). The
selectivity increased for the 4CPME racemic mixture until a maximum was reached.
At the maximum selectivity, between 12.2 and 12.4 mg of ESA had been percolated
through the column. Additional injections of acid had no noticeable effect on the
separation of the 4CPME racemic mixture (see plateau in Figure 2.6). These results
were similar to those reported by Ye and co-workers for a column packed with 10
µm particles [13].
After the acid pulse test was carried out (see Figure 2.6), new mobile phase was
made and the a new sequence of injections was performed. The sequence of
injection included the racemic mixtures of 4CPME, 4CPEE, TSO, Tro´ger’s base,
ketoprofen, and propranolol. For the first 15 repeated injection of each racemic
mixture (over 26 h or continuous operation – see Figure 2.7a) the mobile phase was
percolated thorough the column without additional exposure to ESA. During this
period of time the 4CPME and 4CPEE racemic mixture slowly lost selectivity while
the separations of the TSO and propranolol did not change. The Tro¨ger’s base
showed indications of improved selectivity. Near the end of this time period the
selectivity of the ketoprofen separation did decrease. The loss of ketoprofen
selectivity indicated that an important change had occurred in the chiral
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Figure 2.6: a) Each point on the graph is the resulting selectivity and resolution of
the 4CPME racemic mixture after one pulse injection of the ESA. The effects of the
maximum load of ESA on CHIRALPAK AD is shown by the plateau reached at the
selectivity of 4.0 and a resolution of 4.9. Notice that additional ESA has no effect on
the selectivity of the 4CPME (after the 84th hour) indicating that all the active sites
have been charged. Conditions: 40 ◦C, 90/10 (v/v) hexanes/ethanol, 6 bar, 1mL/min
flow rate, CHIRALPAK AD.
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environment, yet the separations of the 4CPME and 4CPEE racemic mixtures were
continuing to loss separation without a significant change.
After the ketoprofen was no longer separated due to the chiral environment’s
change and while the 4CPME and 4CPEE were continuing to slowly lose selectivity
the base pulse test was carried out to determine if the AME could be neutralized by
the addition of a base to the chiral environment. The base pulse test was carried
out by using 25 µL injections of DIPEA at a concentration of 10 mg/mL, the effects
of this can be seen in Figure 2.7b. Both the 4CPME and 4CPEE racemic mixtures
lost separation capacity and reached a minimum, while the TSO racemic mixture
did not change. The Tro¨ger’s base racemic mixture continued to improve and after
two injections the propranolol also showed selectivity. During the base pulse test the
ketoprofen was taken out of the injection sequence due to complete lack of elution.
When the Tro¨ger’s base and 4CPME reached a constant selectivity value near
the 36 h the base pulse test was discontinued. After discontinuing the injection of
the base the racemic mixtures of 4CPME, 4CPEE, TSO, Tro¨ger’s base, and
propranolol were continued (see Figure 2.8a). For the following 36 h no acid or base
treatment was carried out and only the five racemic mixtures were injected onto the
column. The separation selectivity of the 4CPME, 4CPEE, TSO, and Tro¨ger’s base
racemic mixtures did not change during this period of time. The separation
selectivity of the propranolol racemic mixture did continue to improve until a
maximum selectivity was reached.
After the injections had been continued for 72 h with no change in 12 hours, a
second acid pulse test was carried out using the same ESA conditions are previous
(see Figure 2.8b). At this point the ketoprofen racemic mixture was included in the
injection sequence. Eight injections of the ESA solution returned all six racemic
mixtures to similar results as at the beginning of the test (see Figure 2.7a). The
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(a)
(b)
Figure 2.7: a) Effects of percolating MP through the column after the maximum
acid has been loaded. Selectivity is shown for 4CPME, 4CPEE, TSO, Tro´ger’s base,
ketoprofen, and propranolol. b) Effects of loading DIPEA to the CHIRALPAK AD
after maximum acid load. The selectivity and resolution values are recorded 4CPME,
4CPEE, TSO, Tro´ger’s base,and propranolol. Ketoprofen did not elute from column
during this period of time. Conditions: identical to Figure 2.6.
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(a)
(b)
Figure 2.8: a) The selectivity of the 4CPME, 4CPEE, TSO, or Tro¨ger’s base racemic
mixture did not change during the percolation of MP after the base pulse injection.
The separation of the propranolol racemic mixture did continue to improve until a
maximum selectivity was reached. b) The acid pulse injection was performed a second
time. The end point at 94 h is similar to the starting point in Figure 2.7a. Conditions:
identical to Figure 2.6.
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results of this 94 h sequence of injects indicates that the AME and BME are two
extremes of a continuous change in the chiral environment. The separation of the
TSO indicates that certain racemic mixtures are unaffected by this change in
environment, while the separation of other racemic mixtures can be influenced
either to improve or lose selectivity.
The persistence of the Memory Effect was tested directly following an acid load
by allowing mobile phase to percolate through the column without the addition of
the acid modifier while the injections of the five racemic mixtures were continued
(see Figures 2.9a). A slow linear decline in the selectivity and resolution were
observed for the 4CPME and 4CPEE racemic mixtures during the persistence test.
Yet the TSO racemic mixture did not change in selectivity. The propranolol and
Tro´ger’s base racemic mixtures increased in selectivity at the same time. Oddly, the
Tro¨ger’s base returned more rapidly to pre-ESA exposed conditions and was not
injected in the next persistence test. The second persistence test was carried out
after additional mobile phase had been flushed though the column and used fresh
mobile phase (see Figures 2.9b) with similar results as the first persistence test.
Extrapolation of the 4CPME and 4CPEE lines indicates that the persistence of the
Memory Effect is similar to that reported by Ye and co-workers [13], who found that
it would take more than 1000 column volumes of mobile phase to rinse the column.
In this experiment slightly shorter columns were used, but the results also indicated
that the same mass of stationary to mobile phase ratio would be required for the
experimental conditions employed. The equations for the best linear square fit of
the data for each racemic mixture during the persistence test are given in Table 2.2.
After the previous test was finished, a new batch of mobile phase was prepared,
and the column was fully loaded with ESA. Then an attempt to duplicate the
results of Ye and co-workers was carried out with a column packed with 10 µm
particles [13]. The 20 µm stationary phase showed that the results of the pulse
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(a)
(b)
Figure 2.9: a) Effects of rinsing CHIRALPAK AD with mobile phase after maximum
acid load. The selectivity and resolution values are recorded for the TSO, 4CPEE,
4CPME, Tro¨ger’s base, and propranolol racemic mixtures. Notice that four fit a linear
slope quite well, only the Tro¨ger’s base does not have a linear slope. b) Effects of 2nd
mobile phase rinsing CHIRALPAK AD with mobile phase after maximum acid load
on the selectivity of the TSO, 4CPEE, 4CPME, and propranolol racemic mixtures.
Conditions: identical to Figure 2.6.
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Figure 2.10: Comparison of the selectivity factor for four of the analytes. Data is
the average of 7 injections over 12 h. Propranolol was not collected due to a selectivity
value of 1.00 – indicating no selectivity – at high acid content. Tro¨ger’s base data
was not collected due to the fact that this racemic pair does not elute using ESA
modified mobile phase. Conditions for the pulse injection results: same as Figure 2.6.
Conditions for the ESA results: 90/9.95/0.05 (v/v) hexanes/ethanol/ESA
injection method were comparable to those of flushing the column with a mobile
phase modified with ESA. The results were more conclusive than those of Ye and
co-workers because the very same experimental conditions were used in all the
measurements. The mobile phase with or without ESA was a 90/10 (v/v)
hexanes/ethanol mixture (see Figure 2.10). Only the selectivity of each enantiomeric
pair is shown in this figure. Identical results were obtained with either the pulse
injection method or the addition of acid directly to the mobile phase. As a result,
the concentration of ESA in the eluent used to separate the enantiomeric mixture
can certainly be minimized by replacing a continuous stream of mobile phase
modified by ESA pulse injections since the results are the same (see Figure 2.10).
This set of experiments also checked whether the IPA flush used in the works of
Stringham and co-workers would be useful with the column packed of 20 µm
particles. The selectivity obtained after this flush were not significantly different for
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Table 2.3: Effects of different methods of removing the ESA Memory Effect on
CHIRALPAK AD
Test TSO 4CPEE 4CPME Propranolol
α α α α
Columna 2.78 1.00 1.09 1.20
Flushb 2.79 1.00 1.17 1.00
DIPEA pulse injc 2.84 1.00 1.16 1.09
IPA-Waterd 2.57 1.00 1.00 2.42
aconditions: 9/1 (v/v) hexanes/ethanol, 6 bar, 1mL/min, no acid/base exposure
bconditions: after max acid load, mobile phase, 6 bar, 1 mL/min
cconditions: after max acid load, DIPEA injections of 25 µL at conc. of 11.2 mg/mL, mobile
phase, 6 bar, 1mL/min
dIPA-Water: 5 hrs at 0.75 mL/min 100% IPA, 2 hrs at 0.75 mL/min 4:1 IPA/Water, 5 hrs at
0.75 mL/min 100% IPA, max pressure 52 bar
the acidic enantiomers (4CPME and 4CPEE) and for the Tro¨ger’s base from those
obtained under the original conditions of the acid/base naive column (see Table 2.3)
. However, for the propranolol the retention and separation behaved as if the
column had been exposed to a much stronger base than DIPEA. This would suggest
that this method has caused only a partial removal of the Memory Effect or, worse,
that a new Memory Effect was created. Note that changing the mobile phase to a
more polar one is not recommended by the manufacturer [69]. The pressures to
which the column was exposed were also close to the maximum recommended by
the manufacturer [69], and it was concluded from these results that a better method
was required.
Ye and co-workers [13] indicated that exposing the column to an acidic solution
was required to remove the BME. Since the results showed that the AME influenced
the separation of racemic mixtures which required a column to be exposed to a
basic solution, would exposing the same column to a base mobile phase modifier
remove the residual AME? Considering the A/BME phenomenon to be a simple
acid-base titration would indicate whether this base exposure would work. Similar
to the acid pulse test, the pulse injection of DIPEA was at a concentration of 10
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mg/mL. The effects were astonishing. The TSO, and the two 4-chlorophenylalanine
esters responded with results similar to those obtained with the AME persistence
tests. Linear decreases in the retention, separation factors, and enantiomeric
resolution were measured for the 4CPME and 4CPEE, yet the TSO was not
influenced by the percolation of DIPEA (Figures 2.11a - 2.11c).
Propranolol responded with a significant decrease in retention (see Figure 2.12a).
The symmetry of the single racemic peak did begin to broaden as the two
enantiomers began to separate. The Tro¨ger’s base yielded the most impressive
separation change noted (See Figure 2.12b). It did not respond linearly to the
addition of DIPEA; but it did respond identically to the flushing results. Notice
that by the 10th injection of DIPEA, each of the five enantiomeric pairs had
reached a steady-state. Additional DIPEA did not affect their performance on the
column in any measurable way. Rinsing the column after the DIPEA maximum
load was reached did not change the performance of any of these enantiomeric pairs,
as a steady-state was established (See Figure 2.13). In this way the column does not
need to be exposed to a change in mobile phase, and the new method performs with
much better results, more efficiently, and with more control over the final results.
The separation of the enantiomers of ketoprofen on CHIRALPAK AD is
interesting. Unlike the other pairs tested, this compound does not elute under the
acid/base naive conditions. Actually, the less acidic the solution to which the
column is exposed, the larger the retention factor for the single peak recorded for
the racemic mixture. The tests were discontinued when the retention factor became
larger than 14, corresponding to a retention time of 25 min with a peak tailing
extended out to 45 min (see Figure 2.14a). After multiple pulse injections of ESA,
the retention factor decreased and the two enantiomers separated within a
reasonable time (12 min), as illustrated in Figure 2.14b. This compares well to the
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(a) (b)
(c)
Figure 2.11: a) Effects of DIPEA pulse injections on the separation of 4CPEE.
Notice that by the ninth injection of DIPEA no change occurred. 4CPEE requires
some acid to be present in the stationary phase to separate, so it is not surprising
that this separation would require less DIPEA to return the column to the original
conditions. b) Effects of DIPEA pulse injections on the separation of 4CPME. Notice
that by the tenth injection of DIPEA no change occurred even though the two
enantiomers did retain a slight selectivity on this stationary phase. c) Effects of
DIPEA pulse injections on the separation of TSO. Notice that the stability of the
separation of the enantiomers is constant. Conditions: identical to Figure 2.6.
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(a)
(b)
Figure 2.12: a) Effects of DIPEA pulse injections on the separation of propranolol.
Notice the symmetry of the single racemic peak changes significantly between the
ninth and tenth injection of DIPEA, but then remains constant with additional pulse
injections. b) Effects of DIPEA pulse injections on the separation of Tro¨gers Base.
Notice the rapid decrease in peak capacity with the slow increase in selectivity. Again,
as with the other probes used in this paper, between the ninth and tenth injection of
DIPEA a steady-state has been reached. Conditions: identical to Figure 2.6.
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Figure 2.13: Effects of rinsing CHIRALPAK AD with mobile phase after maximum
base load. The selectivity values are recorded for the TSO, Tro¨gers base, 4-
chlorophenylananine esters, and propranolol racemic mixtures. Notice that all of
separations of these mixtures have reached a steady-state. Conditions: identical to
Figure 2.6.
established methods described by Chiral Technologies, for which the selectivity is
1.41 on a 5 µm particle column [55].
2.4 Conclusions
During the experiments made with anhydrous solvents, water was detected in both
the mobile and the stationary phases. The use of hydrophilic water-soluble acids,
such as ESA [70], under normal-phase conditions would indicate that the acid
interacts with the trapped water. Some of the results, confirming earlier ones,
indicate that this may contribute to an overall improvement of the enatioselectivity
for this stationary phase. The protonation/deprotonation of this trapped water
might increase the number of hydrogen bonding/donating bonds that the hydrated
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(a)
(b)
Figure 2.14: a) Ketoprofen as a single peak after alowing 4 sequences of ESA
pulse injections (25 µL at 10.2 mg/mL). The total area is 110138 area units
(from ChemStation), with a retention factor of 13.6. Conditions: 90/10 (v/v)
hexanes:ethanol, 6 bar, 1mL/min flow rate, CHIRALPAK AD. b) Ketoprofen
separated on a CHIRALPAK AD column with the AME. Peak area for the
first enantiomer is 63,107.8 the second enantiomer peak area is 70,706.5 (from
ChemStation), with a selectivity is 1.30. Conditions: Same as Figure 2.6.
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carbamate group can form. Further research is under-way is to determine how
critical the water content is to the Memory Effect.
For the enantiomeric pairs studied, the results showed evidence of the Memory
Effect on columns packed with 20 and 10 µm particles. By using the base injection
pulse method, it was demonstrated that columns which have been exposed to acids,
especially ESA, can be effectively neutralized. This research proved that the
removal of Memory Effect can be achieved by percolating weakly concentrated
solutions of appropriate organic acid or base through the column. In this process,
the column can be returned to its acidic naive state. The new column state may not
be identical to the original one, but all indications are that it is free from the AME.
After the treatment, the column performs as expected from an acid naive column.
Consequently, the study of preparative applications was done (see Chapter 4) to
check whether, and to what degree, the Memory Effect is responsible for the
unpredictability of method development efforts and to attempt the design of
procedures for making the method development more predictable. Further research
will be focused on the detection of ESA in the stationary phase and in estimating
the persistence of ESA during the percolation of the mobile phase. Finally, it would
be interesting to know whether and which conformational changes may occur on the
surface of the stationary phase or in the derivatized amylose backbone that are
related to this effect. In this final effort, the TSO will be of great interest since it is
unaffected by the Memory Effect.
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Chapter 3
The influence of water on the
Memory Effect of the amylose
tris(3,5-dimethylphenylcarbamate)
stationary phase
Joel Putnam, Georges Guiochon Department of Chemistry, University of Tennessee,
Knoxville, TN 37996-1600, USA Journal of Chromatography A, 1217 (2010) p 8146
- 8153
3.1 Introduction
Two issues arise when normal-phase separations of enantiomers are carried out on
columns packed using amylose tris(3,5-dimethylphenylcarbamate) (CHIRALPAK
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AD - from Diacel Industries, Osaka, Japan) as the stationary phase. First, poor
reproducibility of certain separations has been addressed by numerous groups. A
number of different conditions have been suspected to be the main contributors to
the lack of reproducibility of normal-phase analysis: the temperature [71], the silica
type [72], and the water content [73–76] have all been identified as probable factors.
The second issue has been called the Acid/Base Memory Effect (A/BME) when
using this stationary phase. When the column is percolated with either an acid or a
base modifier, the chiral environment is changed significantly. After removing the
acid/base modifier from the mobile phase, the selectivity of certain enantiomers
remains influenced as if the acid/base modifier were still in use. As a result of this
change in the chiral environment, the selectivity of some racemic mixtures can be
drastically affected. This residual modification of the selectivity for certain
enantioseparations is called the A/BME.
In the pharmaceutical industry, as many as six CHIRALPAK AD columns are
needed when using different mobile phases and modifiers to analyze enantiomeric
purity in order to avoid variations in separation results [13]. To minimize the
possible consequences of such variation, a laboratory will have one column for each
type of mobile phase used: one column for normal-phase, one column for polar
normal-phase, and one for reverse-phase. In addition to this, a laboratory will have
additional columns for each type of modifier used: a column equilibrated with a
mobile phase containing the acidic additives (Ethanesulfonic Acid - ESA,
Trifluoroacetic Acid - TFA, Acetic Acid, etc.), a column equilibrated with a mobile
phase containing the basic additives (Diethylamine - DEA,
N,N-Diisopropylethylamine - DIPEA, etc.), and a column equilibrated with mobile
phases that do not receive any additives. For example, in the separation of
4-chlorophenylalanine ethyl ester (4CPEE), the suppression of the acidic portion of
the amino acid by the use of an acidic mobile phase modifier is required for the
separation to exist [12]; yet once the column has been exposed to the acidic mobile
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phase modifier the stationary phase does not separate enantiomers that require
basic mobile phase modifiers similarly to modifier naive columns [77]. This is a
costly and cumbersome way for laboratories to remove the variations in separation
results due to the Memory Effect. The goal of this chapter was to clarify the reasons
and propose possible remediations for the additional columns required when using
acidic and basic mobile phase modifiers in normal-phase or reverse-phase conditions.
3.2 Experimental
3.2.1 Equipment
An HP 1100 (Agilent, Santa Clara, CA US) was used to carry out all experiments
and measurements reported here. A single isocratic pump and batches of prepared
solutions were used, to eliminate possible variations of the ethanol concentration
during individual tests. A column heater was used to control the separation
temperature at 40 ◦C. An autosampler was used to allow for repetitive injections
over extended runs of 56 h. A single wavelength detector was used because all the
racemic mixtures tested had excellent signal to noise ratio at 210 nm.
3.2.2 Columns
The analytical 4.6× 150 mm columns used for these studies were packed by Chiral
Technologies (West Chester, PA, USA). The analytical columns had been used in
previous studies of the Memory Effect (see Chapter 2) but had not been exposed to
any mobile phase or additive other than those which were documented in previous
publications [56], [77]. In particular, the columns were exposed to ESA, ethanol,
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DIPEA, and hexanes as mobile phases and additives. The columns had also been
exposed to the racemic mixtures of TSO, 4CPEE, 4-chlorophenylalanine methyl
ester (4CPME), ketoprofen, propranolol, and Tro¨ger’s Base.
3.3 Procedure
The data was collected using two different continuous time scales, one time scale
was 16 h long the other was 56 h long. In both scales, the concentrations of the
racemic samples were approximately 1 mg/mL. The injection volume of each sample
was adjusted to ensure that the integrated areas of the peaks for each enantiomer
was between 20,000 and 30,000 milli absorbance units times seconds (mAUs) - as
measured by the Agilent Chemstation, in order to minimize the fluctuations of
retention time for the particular pair for the enantiomers injected onto the column
due to changes in the injected mass of enantiomer. Peak height, in milli absorbance
Units (mAU) or millivolts (mV), cannot be used due to the changing peak height as
the retention of the racemic peaks is influenced by the residual acid mobile phase
modifier.
Initial separations were done with a 90/10 (v/v) hexanes/ethanol mobile phase.
Water was introduced into the hexane ethanol mobile phase at five percent levels:
' 0.01%, ' 0.1%, ' 0.2%, and ' 0.3%, and water saturated. The mobile phase
with ' 0.01% water was made by adding 0.1 mL of water to a 100 mL volumetric
flask. The volumetric flask was then filled to the 100 mL mark with ethanol. The
wet ethanol solution was then transferred to a 1 L volumetric flask and diluted to
the 1 L mark with hexanes. The ' 0.1% water, ' 0.2% water, and ' 0.3% water
were made similarity with 1 mL, 2 mL, and 3 mL water respectfully. The saturated
mobile phase was made by adding 4.3 mL of water to a 100 mL volumetric flask and
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filling to the 100 mL mark with ethanol. This solution was then transferred to the
1L volumetric flask and diluted with hexanes.
Samples were prepared in 50 mL volumetric flasks. The individual racemic
mixtures were transferred to chromatographic vials. Each vial was sealed with a
polytetrafluoroethylene (PTFE) septum and used only during one injection.
Controlling the rate of sample evaporation was critical to ensure identical masses of
each racemic mixture would be injected onto the column over the 56 h of continuous
operation. Once a sample vial has been punctured by the injection needle, even the
smallest hole will allow the hexanes – used to prepare the sample – to evaporate,
changing the concentration of the injected sample. Sample evaporation was
controlled by using 200 µL inserts for the 1.8 mL High Performance Liquid
Chromatography (HPLC) sample vials.
The column temperature was held constant at 40 ◦C, to eliminate instabilities
caused by changes in the ambient temperature. Recognition in chiral
chromatography is controlled by weak forces such as hydrogen bonding and
dispersion forces and slight changes in temperature will influence the retention of the
racemic mixture. By controlling the temperature well above room temperature any
fluctuation in selectivity, due to changes in ambient temperature, can be minimized.
When the columns had to be treated with an acid or a base modifier, a 100 µL
injection of this modifier solution was made. When ESA was used as the acid
modifier the solution was at the concentration of 10.8 mg/mL in 90/10 (v/v)
hexanes/ethanol. When DIPEA was used as the base modifier the solution was at
the concentration of 10.6 mg/mL in 90/10 (v/v) hexanes/ethanol.
The first time scale used one liter of mobile phase and lasted 16 h, while the
second time scale used 4 liters of mobile phase and required continuous operation
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for over 56 h. The main differences between the two time scales included the
number of repeated sequences and the volume of mobile phase percolated through
the column between repeated injections.
The shorter time scale involved the periodic injection of racemic mixtures onto
the column for 16 h. The injection sequence followed was: 4CPEE and then ESA.
4CPEE was chosen due to the documented requirement of ESA to separate this
racemic mixture [12] [56]. The ESA solution was removed from the injection
sequence after the 10th injection of the acidic solution had been completed for each
mobile phase tested (' 0.01% water, ' 0.2% water, and ' 0.3% water in 90/10
(v/v) hexanes/ethanol). In all cases, the injections of the 4CPEE racemic mixture
were repeated every 20 to 30 m, for the entire 16-h time period.
The second time scale consisted of a longer continuous run time (54 h was the
minimum operation time) during which the injection sequence was interrupted to
allow for additional time between repeated injections. For longer runs, the injection
sequence followed was: 4CPEE, TSO, propranolol, and then Tro¨ger’s base followed
by a period of percolating mobile phase through the column. Because all four
racemic pairs were injected during these tests, the injection repeat rate of each pair
was greater than 85 m. The purpose of this additional time between injection was
to determine if the Memory Effect was influenced by the racemic analytes
themselves. In addition, as the longer run progressed the period of percolating the
mobile phase was changed. Initially, the injection sequence was repeated every 103
m, until the end of the first liter of mobile phase (i.e., 650 column volumes). During
the elution of this first liter of mobile phase, the acid modifier treatment was carried
out. This treatment consisted of an 100 µL injection of the 10.6 mg/mL ESA
solution following the Tro¨ger’s base injection. During elution of the second liter of
mobile phase, the injection cycle was repeated every 85 m. The injection cycle was
repeated every 116 min during the elution of the third liter of mobile phase. The
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remaining mobile phase was used with a repeat cycle of 133 min. This was
accomplished by increasing the mobile phase percolation time after the Tro¨ger’s
base injection. The internal column volume of the CHIRALPAK AD column used
was 1.55 mL as a result, the increases from 85 to 116 min and from 116 to 133 min
allowed for 20 and then an additional 10 column volumes to pass through the
column between repeated injections of the same enantiomeric pair.
Additionally, the short and long runs were designed to detect three indices of
trace amounts of water in the mobile on the separation of the enantiomers. First,
the effect of trace amounts of water in the mobile phase should be detected in the
selectivity of each racemic mixture. Water having the capacity to act either as an
acid or as a base should have an explicit effect on the selectivity of these
enantiomers. Second, the effect of water on the Memory Effect would be recognized
as a change in the rate of decay in the selectivity. The selectivity of the 4CPEE
enantiomers slowly decays after the stationary phase is no longer exposed to an
acidic modifier like ESA as Ye and co-workers showed [13]. Third, since water is a
factor in the instability of the reproducibility of retentions and resolutions in
normal-phase chromatography, the instability should be recognizable in the
separation of the enantiomers.
The purpose of the longer time continuous injection sequence was designed to
measure the changes in selectivity, based on the changes in the mobile phase volume
used between repeated injections. The longer time was also designed to measure the
retention changes (if any) due to using extremely dried mobile phases instead of the
reagent grade mobile phases. This last feature of the test was carried out by
replacing the wet mobile phase with one that had been treated with molecular
sieves (5A) from Supelco (St. Louis, MO, USA). This dried mobile phase test had
two purposes: first, it would detect the difference between using ACS reagent grade
alcohol versus 100% ethanol; second, it would determine if using a dry solvent was
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sufficient to remove the influence of the additional water trapped in the stationary
phase, which could be of great interest.
The introduction of TSO in the longer continuous injection sequence was to
address the stability of the stationary phase’s separation for a racemic mixture that
does not require a mobile phase modifier. Two aspects of the introduction of water
in the mobile phase can be measured. First, the influence of a strong polar mobile
phase modifier would decrease the selectivity of the TSO racemic mixture. As the
water content is increased the selectivity of the TSO enantiomers would decrease.
Second, the equilibrium of the new mobile phase condition would be recognized by
the stabilization of the TSO selectivity.
An additional test was carried out in an attempt to remove the effect of the
water introduced in the spiked mobile phase. In this test, the column was treated
with a base (DIPEA) to see if this additive was sufficient to remove the influence of
water from the Memory Effect. The separation of Tro¨ger’s base and propranolol
should also be affected by this addition of base mobile phase modifier onto the
stationary phase. DIPEA was chosen as the base to act as a neutraliser of the acid
influence from ESA. Two results could be expected: one would be based on direct
neutralization of ESA; the other would be the neutralization of the residual acidic
hydrogen attached to the polymer. If a direct neutralization of ESA occurred then
an equal molar mass or more of DIPEA would be required. On the other hand, if a
residual acidic hydrogen were responsible for the separation of the racemic mixture,
a much smaller amount of DIPEA would be required.
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3.4 Results and Discussion
3.4.1 16 Hour Runs
The results of the 16 h runs are shown in Figure 3.1. The improvement in the
selectivity of 4CPEE was due to the percolation of 10 injections of the 100 uL ESA
solution seen during the first 4 h of the graph in Figure 3.1. The maximum
selectivity for the 4CPEE racemic mixture was reached after the seventh acidic
solution injection. This maximum selectivity can be seen as the plateau reached at
the selectivity value of 2.8. The selectivity of the enantiomers of the 4CPEE
remained constant during the rapid injection sequences (Figure 3.1 - dry mobile
phase) after the acid equilibration, with a barely significant drop from 2.78 to 2.70
over 12 h, a loss of selectivity of only 1.05x10−2 selectivity units per hour.
Noticeably, however, the Memory Effect requires that ESA be re-introduced onto
the stationary only during the time when the dry mobile phase is used. As for the
wetter mobile phase (Figure 3.1 - ' 0.1% water, ' 0.2% water, and ' 0.3% water)
the addition of ESA to the column has no effect. Stationary phases that have been
exposed to water prior to treatment with acid modifiers are more susceptible to the
acid modifier and the Acid Memory Effect (AME).
The stability of the Memory Effect can be measured by how the selectivity
decreases over time. In Table 3.1 the change in selectivity during the 16 h runs has
been recorded. The introduction of water to the mobile phase percolating through
the column slows the decay in selectivity. As a result, either water acts as a
replacement for ESA, or its presence stabilizes the mechanism of the Memory Effect.
A strong eluent like water which is only weakly acidic seems unlikely to be able to
mimic the effects of a strong acidic mobile phase additive. On the other hand, the
addition of water onto a stationary phase already under the influence of the AME
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Figure 3.1: Short runs showing the effect of changing the water content in the mobile
phase. The initial loading of the AME can be seen in the first seven injections. Over
the additional 12 h a slight loss of selectivity in the separation of 4CPEE can be seen.
Even though injections of ESA were included at the first 4 h of each run, only the
dry MP indicates any change in separation capacity. Separation conditions: 90/10
(v/v) hexanes/ethanol, 1 mL/min, 40 ◦C, 210 nm UV detection.
would seem likely to affect selectivity if water (and hydrogen bonding) was the
source of the residual influence of the Memory Effect.
3.4.2 56 Hour Runs
Figure 3.2 illustrates the variations of the selectivity of 4CPEE during the longer
runs. When water is removed from the mobile phase (Figure 3.2 - dry mobile
phase), the selectivity of the ester decays slowly and linearly after the stationary
phase is saturated with the acid modifier. Even the addition of ' 0.01% water
(Figure 3.2 - 0.01% water) is sufficient to stabilize the Memory Effect. Similar to
the 16 h runs (Figure 3.1), the selectivity remains stable during the long run after
the column has been saturated with water (see Figure 3.2 -water saturated, ' 0.43%
water). When the column is returned to a molecular sieve dried mobile phase
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Table 3.1: The change in selectivity measured during the 8 runs with changes in
the water content of the mobile phase.
Test % Water in MP Rate of Selectivity Rate of Selectivity
Decay/Hour Decay/1000 column Volumes
16 h runs
1 None 1.05x10−2 2.72x10−1
2 0.1 7.54x10−3 1.48x10−1
3 0.2 5.99x10−3 1.55x10−1
4 0.3 3.74x10−3 9.65x10−1
56 h runs
1 None 1.11x10−2 2.87x10−1
2 0.01 2.22x10−3 5.74x10−3
3 0.34 9.18x10−3 2.37x10−2
4 Dried 2.76x10−2 7.12x10−2
(Figure 2 - dry MP (final)) the selectivity does not return to a value similar to the
original selectivity. Two conditions of the Memory Effect are still present after the
four long runs: the influence on the separation selectivity and the selectivity decay
have not returned to their original values. The 112 plus hours of exposure to the
wet mobile phase has caused the column to retain the influence of the AME. Even
though ESA was injected on the column during the first 12 h of each run, only one
injection of acid was required to reach the maximum selectivity during the dried
mobile phase run. The additional injections only improved the selectivity from 2.66
to 2.68. The linear decay of selectivity for the separation of 4CPEE was shown to
extend for over 24,000 column volumes. To flush this amount of mobile phase - 36
liters - at 1 mL/min, would require over 16 d of continuous operation. Using dry
100% ethanol does not have the capacity to remove the influence of water on the
AME once the conditions of the Memory Effect have been created.
The influence of mobile phase water content on the separation of the TSO
enantiomers can be seen in Figure 3.3. The ESA treatment was carried out during
the first 10 injections of each sequence in the figure. The selectivity for the TSO
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Figure 3.2: Over 60 h the decrease in selectivity of the 4CPEE racemic mixture
can be clearly seen in the long run where no additional water in the mobile phase
(blue diamonds). The introduction of ESA can be seen to improve the separation of
this pair of molecules (squares and diamonds) yet this improvement is not seen in
the other mobile phases used (x’s and triangles). The mobile phase that have been
contaminated with the most water (triangles) do not lose selectivity for the 60 hours
of injections shown in this graph. The gap at 48 h was due to a sequence error,
the mobile phase continued to elute from the column during this period of time.
Separation conditions: same as Figure 3.1.
enantiomers stabilizes during this same time period. A slight variance can be seen
during this period of time, yet change in the selectivity for this racemic mixture
shows that the equilibrium of the new mobile phase has taken place before the full
ESA treatment has been completed. During the initial dry mobile phase the
selectivity begins at 2.99 and increases to 3.05 over the entire 56 h. Similarly, during
the lowest water contamination the selectivity of the TSO enantiomers begins at
2.88 and increase to a maximum of 2.95. When using mobile phase that has been
saturated with water, the selectivity of this racemic mixture begins at 2.36 and
reaches a maximum at 2.44. Only during the re-introduction of dried mobile phase
does a decrease in selectivity occur. At the beginning of this sequence, the
selectivity is 3.18; and this number decreases until the TSO selectivity reaches 3.07.
The variation in selectivity between the sequences can be attributed to the change
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Figure 3.3: Over 60 h the variation in the selectivity of the TSO racemic mixture
due to the contamination of water in the mobile phase can be clearly seen in each of
the long runs. The influence of the ESA is negligible, and within the first 10 injections
for each sequence the selectivity stabilizes. The gap at 48 h of the initial dry mobile
phase test was due to a sequence error, the mobile phase continued to elute from the
column during this period of time. Separation conditions: same as Figure 3.1.
in water concentration within the mobile phase. Yet the changes within the
sequence, which are minimal, can be attributed to two possible phenomena. First,
as the equilibration of the new mobile phase is reached, the selectivity will fluctuate
until the stationary phase has completed adjusted to the new mobile phase (see first
few injection in Figure 3.3). Even though the difference in mobile phases is the
variation in water, this slight change would be recognized by the stabilization in
selectivity. This is seen during the first ten injections of each sequence. Second, the
ESA treatment has significant influence in the selectivity of other racemic mixtures
due to a change in the stationary phases chiral environment; and the slight change
in selectivity of the TSO racemic mixture during the first ten injections would not
be unexpected. Both possible influences on the change in the selectivity for the
TSO racemic mixture are not related to the AME.
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3.4.3 Comparing Two Mobile Phases using Tro¨ger’s base
and 4-Chlorophenylalanine Ethyl Ester
The use of both Tro¨ger’s base and 4CPEE distinguished between the influences of
the wet mobile phase and the dried mobile phase (see Figures 3.4a and 3.4b). Both
graphs compare the selectivities obtained with an initially dry mobile phase (using
ACS reagent grade alcohol) and a mobile phase containing ' 0.43% water. Figure
3.4a shows that even though water, as a strong eluent, does depress the selectivity
of Tro¨ger’s base, it does not cause an instability in the reproducibility of the
selectivity. On the contrary, between the 31st and 51st hours of the wet mobile
phase long run the selectivity of Tro¨ger’s base does not change at all. Yet, with the
dried mobile phase, the selectivity of Tro¨ger’s base fluctuates significantly during
the same time frame.
For 4CPEE (Figure 3.4b), the results would also be surprising if water created
instability in the selectivity. Instead, the data show that the stability of the Memory
Effect clearly improves, allowing the continued separation of this racemic pair. The
trend-line, for the data in Figure 3.4b, shows that the Memory Effect can be
extended up to 30,000 column volumes. If free silica/silanols/silanes were involved
in the Memory Effect, the presence of additional water would certainly increase the
instability of the separation of the ethyl ester, which is not the case. Therefore,
uncapped silica/silanols/silanes are not involved in the mechanism of the Memory
Effect, a conclusion consistent with the results of J Zheng and co-workers [68].
The introduction of trace amounts of water into the mobile phase reduces the
selectivity and the resolution (see Table 3.2). The initial conditions are those under
which the analysis of TSO was performed when the columns were first received from
Chiral Technologies, Inc. The results with a mobile phase containing ' 0.3% water
are from the long runs included in Table 3.2. The dried mobile phase was prepared
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(a)
(b)
Figure 3.4: a) The influence of water on the selectivity of the Tro¨ger’s base racemic
mixture can be seen in this graph. The selectivity is improved and the plateaus seen
in the dry mobile phase are minimized when compared with the wet mobile phase
long run as well. The wet mobile phase contained additional 0.43% water; the dry
mobile phase was treated with molecular sieves. b) The initial 4CPEE (green) was
collected in the 16 h run, prior to the addition of any water into the stationary phase.
The data label ”wet 4CPEE” was collected using the maximum water content of
the mobile phase (0.43% water). Rinsing the column with mobile phase containing
pure 100% ethanol dried with molecular sieves begins the removal of the Memory
Effect, but after 60 h only a small portion of the Memory Effect had been eliminated.
Conditions: same as in Figure 3.1.
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Table 3.2: The different selectivity values measured during the 5 runs with changes
in the water content of the mobile phase.
trans-Stilbene Oxide 4-Chlorophenylalanine Ethyl Estera
% water selectivity resolution selectivity resolution
Initial conditionsb 3.05 5.34 1.93 2.74
0c 3.03 5.89 2.23 3.29
0.01d 2.92 5.78 2.28 3.39
0.43e 2.42 4.38 1.64 2.43
Dried MPf 3.10 6.20 2.68 4.05
amaximum influence of the AME
bThe original analytical 4.6× 150 mm column test when it was received
cUsing 90/10 (v/v) hexanes/ethanol MP
dUsing 90/9.99/0.01 (v/v) hexanes/ethanol/water MP
eUsing 90/9.57/0.43 (v/v) hexanes/ethanol/water MP
fUsing 90/10 (v/v) hexanes/ethanol MP dried with molecular sieves
using 100% ethanol and the overall selectivity of TSO is recovered after returning
the column to dry mobile phase. The strength of the aqueous contaminated eluent
is seen in the reduction of all four chromatographic characteristics: both retention
factors, the selectivity, and the resolution. With neutral enantiomers, such as TSO,
the addition of water into the mobile phase influences the enantiomeric separation;
but the influence of water can be removed by percolating a dry mobile phase
through the column. This is not the case with the racemic mixtures that are
influenced by the Memory Effect. After the column has been exposed to water, the
Memory Effect is more pronounced. As Figure 3.4b indicates, the Memory Effect
continues to influence the separation parameters of the 4CPEE enantiomers during
the percolation of thousands of column volumes, even when the mobile phase
contains 100% ethanol dried on molecular sieves. This suggests that the water was
strongly bonded to the stationary phase.
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3.4.4 Removing the Memory Effect from Water
Contaminated Columns
Removing the Memory Effect is difficult for columns that have been exposed to
water. As a result, flushing the water-exposed columns with dry mobile phase is no
longer an option (see Figure 3.4b). The only possible method is the introduction of
a base modifier. Figure 3.5 shows the effects of adding DIPEA to the stationary
phase. Given the conditions under which this column has been exposed, only two
injections of DIPEA were required to make the column behave as effected by the
Base Memory Effect. It has been documented earlier how to return a column to one
behaving under acid/base native conditions in chapter 2 [77]. Neutralization of the
Memory Effect required less than two injection of the DIPEA solution (see Figure
3.5); yet seven injections of the of ESA solution were required to create the
maximum separation with the Memory Effect (see Figures 3.1 and 3.2). In this
result it can be seen that a direct neutralization did not occur. Instead, a weak base
was able to neutralize a strong acid with the addition of a fraction of the acids
molar concentration. Neutralization of the Memory Effect can be seen by two
indicators on Figure 3.5. First, the stabilization of the selectivity between racemic
mixtures that require modifiers indicates that the Memory Effect is no longer
influencing the separation of that pair. Second, the amount of base solution required
for neutralization can be measured – two injections of 100 µL at 10.6 mg/mL (2.12
mg or 21 µ) – while the amount of acid required to create the effect can be measured
to be at least seven injections of 100 µL at 10.8 mg/mL (7.56 mg – 68 µM).
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Figure 3.5: Unlike the flushing of the column with dried mobile phase, the addition
of DIPEA removes the Memory Effect immediately. After only 2 100 µL injections
of 10 mg/mL of the base, the separation of the three racemic mixtures has returned
to a stable selectivity. Conditions: identical to Figure 3.1.
3.5 Conclusions
This systematic study of the A/BME observed with the CHIRALPAK AD
stationary phase confirms the influence of water on the Memory Effect. Water was
suspected earlier to be one of the major contributors to the lack of reproducibility of
column performance in normal-phase chromatography [73–76]. This work shows
that the presence of water in the mobile phase actually extends the persistence and
stabilization of the Memory Effect. This extension of the Memory Effect lasts for
thousands of column volumes of dry mobile phase being percolated through this
stationary phase.
It was also shown that once the column had been exposed to trace amounts of
water in the mobile phase, the removal of the Memory Effect could not be achieved
merely by flushing the column with additional dry mobile phase. A base treatment
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must be performed on the column or the residual Acid Memory Effect will persist
for more time than it takes to flush the column with 30,000 column volumes.
The exposure of the amylose tris(3,5-dimethylphenylcarbamate) (CHIRALPAK
AD) stationary phase to trace amounts of water does influence the effects of acid
mobile phase modifiers. In the past, the persistence of these modifier effects on the
selectivity of racemic mixtures was avoided by using numerous separate columns,
one for each possible combination of mobile phases and mobile phase modifiers used
in the separation of racemic mixtures. Understanding that water is responsible for
the persistence of the change in the chiral environment created by the acidic
modifier can lead to understanding how to eliminate the requirement for the storage
of additional columns in the laboratory. Two methods can be used to minimize the
persistence of the AME. First, columns should not be exposed to alcohols that
contain water. In the first method, dry alcohol additives can be used by exposing
the solvent to molecular sieves. Because they are hygroscopic, when ethanol, ACS
reagent grade alcohol, methanol, or isopropanol alcohol are exposed to atmospheric
conditions, they readily absorb moisture from the environment. Minimizing
stationary phase exposure to water in the mobile phase minimizes the persistence of
the AME. Second, the CHIRALPAK AD can be quickly changed from acidic to
basic conditions and visa-versa. Acid modifiers can be neutralized by injecting a
complimentary base modifer solution and percolating the base modifier through the
column. In this way the chiral environment inside the column can quickly be
converted from its acidic to its basic nature. Additionally, the percolation of an
acidic modifier will neutralize the BME. Since neutral molecules do not require a
neutral chiral environment, concerns for the modifier native stationary phase
conditions is unnecessary. One CHIRALPAK AD column can be used in either the
acid or the base conditions if the column is treated with the appropriate mobile
phases and the desired solutions of acid/base modifiers.
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Chapter 4
The influence of the Memory
Effect on preparative separations
using the amylose
tris(3,5-dimethylphenylcarbamate)
stationary phase
4.1 Introduction
Chiral purification of the enantiomers of compounds that are used in the
preparation of pharmaceuticals, food products, or even pesticides has grown in
demand as better separation methods were developed [78]. Research on these
enantiomers suggests that only one of them is of importance in each specific
case [79], which has lead to higher demands for one of the enantiomers to be
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collected in highly enriched amounts. In the case of pharmaceuticals, the FDA
requires that, if both enantiomers are used in a formulation, both be studied fully
and the effects of both be documented [80]. Numerous methods exist to carry out
these purifications, among which crystallization, asymmetric synthesis, and
chromatographic separation are the most common [81].
Asymmetric synthesis requires that pure enantiomers be synthesized to ensure
that the analytical purification tests are accurate. As a result, crystallization and
chromatographic purifications of racemic mixtures are usually done early in the
production process of drugs at scales large enough to complete the test required to
fulfil the FDA requirements. Since many analytical methods involve
chromatographic techniques, chromatographic preparative methods to purify
enantiomers are used to produce the amount of the pure enantiomer required.
Stationary phases based on amylose and cellulose derivatives of
tris(3,5-dimethylphenylcarbamate) have been used successfully to carry out large
scale purifications of pharmaceuticals (10 of grams to kilograms) that satisfy the
FDA requirements [82]. The amylose derivative (CHIRALPAK AD, Diacel
Industries, Osaka, Japan) is used in the manufacturing of a number of the
pharmaceuticals on the market today [16,83,84]. Even though this stationary phase
is used in numerous steps of the drug testing process, one of its weaknesses has
caused difficulty in the scaling of preparative chromatographic methods. This
weakness is the A/BME [12], [13]. The Memory Effect is most pronounced when
non-polar mobile phases are used. The Memory Effect of CHIRALPAK AD has
been documented for a number of racemic mixtures [53] [77].
In this study the separation of two compounds (4CPEE and propranolol) that
were not purified in large quantities using chromatographic techniques has been
described due to the influence of the Memory Effect on the separation selectivity of
these compounds. Two additional racemic mixtures (TSO and Tro¨ger’s base) have
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been separated numerous times on the CHIRALPAK AD [85] [86]; but the changes
in the separation capacity of these two racemic mixtures which are due to the
Memory Effect have not been documented. Previously it was shown that even
though the stationary phase has been exposed to both acid and base solutions, the
columns can be used for analytical modelling [77] [87].
Tro¨ger’s base and TSO are considered to be standards in determining the
CHIRALPAK AD columns efficiency and the overall quality of this packing
material [88] [89]. Used as the standards, these racemic mixtures can determine the
quality and number of active sites available at the preparative level for a specific
stationary phase. The separation of these two racemic mixtures could indicate if the
stationary phase has been damaged by exposure to ESA or DIPEA. The preparative
separation of these two racemic mixtures should also indicate if the neutral active
sites are involved in the A/BME.
The separation of the 4CPEE enantiomers is affected by the influence of an
acidic modifier introduced into the mobile phase prior to the injection of analytical
amounts of these enantiomers (see Figure 4.1). The lack of selectivity change after
removing the acid mobile phase modifier from the column is called the Acid
Memory Effect (AME). Conversely, the separation of the enantiomers of propranolol
is affected by the addition of a basic modifier to the mobile phase prior to the
analysis of these enantiomers (see Figure 4.2). The lack of change in selectivity after
removing the basic mobile phase modifier from the column is called the Base
Memory Effect (BME). At the preparative scale, the separations of these two
enantiomers should provide information on the stability of the active sites influenced
by the Memory Effect. When developing a separation method on an analytical
column and scaling it up to a preparative column, the influence of the Memory
Effect on the preparative separation achieved can be observed depending on the
quality of the separation method.
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(a)
(b)
Figure 4.1: a) The chromatogram of a 1.0 mg/mL injection of the 4CPEE racemic
mixture without ESA treatment. b) The separation of the 4CPEE racemic mixture
after treatment of the stationary phase with ESA. Conditions: 40 ◦C, 90/10 (v/v)
hexanes/ACS reagent grade alcohol, 6 bar, 1.0 mL/min flow rate, 20 µm 4.6 × 150
mm CHIRALPAK AD, Agilent ChemStation chromatogram: x-axis is measured in
min and the y-axis is measured in mAU.
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(a)
(b)
Figure 4.2: a) The separation of a 0.5 mg/mL injection of the propranolol racemic
mixture without the DIPEA treatment to the stationary phase. b) The separation
of the propranolol racemic mixture after treating the stationary phase with DIPEA.
Conditions: same as Figure 4.1.
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4.2 Experimental
4.2.1 Equipment
An Agilent (Santa Clara, CA, USA) HPLC 1090 was used for both the method
development of preparative separations and actual preparative chromatographic
separations. The HP 1090 instrument used was equipped with three pump heads.
The first pump head was set to deliver the stream of Hexanes accounting for 90% of
the mobile phase flow rate to the column. The second pump head was set to deliver
the stream of ACS reagent grade alcohol to the column (10% of the total mobile
phase flow rate). The third pump head was used to deliver the feed solutions to the
column when needed. The mixing chamber between the pumps and the column
ensures a consistent mix of the mobile phase reaching the column inlet. By
adjusting the time during which the third pump was in operation, specific quantities
of each racemic mixture could be delivered to the column. In this way the HP 1090
simulated the preparative method commonly used in large scale purification.
4.2.2 Columns
The analytical and preparative columns were received from Chiral Technologies
(West Chester, PA, USA). The analytical column (4.6× 150 mm) had been used in
previous studies of the Memory Effect (see Chapters 2 and 3). The preparative
column (10.0× 100 mm) was used in previous measurements of isotherms by frontal
analysis of the Tro¨ger’s base enantiomers by Mihlbachler and co-workers [85] [90].
Neither column was previously exposed to acid or base modifiers except to the
documented mobile phases described in previous publications. In particular, the
analytical column was exposed to ESA, ethanol, DIPEA, and Hexanes as mobile
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phases and additives. The analytical column was also exposed to the racemic
mixtures of TSO, 4CPEE, 4-chlorophenylalanine methyl ester (4CPME),
ketoprofen, propranolol, and Tro¨ger’s base. The preparative column was previously
exposed to isopropyl alcohol, methanol, and Tro¨ger’s base.
4.3 Procedures
Both the analytical and the preparative columns were treated by injection of the
same solution of ethanesulfonic acid (ESA). This injection solution was made of
' 10 mg ESA per 100 mL of a 9:1 (v/v) hexanes/ethanol solution. The analytical
column was then injected 20 times with 100 µL of the ESA solution. The
preparative column was injected 65 times with the same ESA solution. In this way,
the two columns were exposed to the same ESA/stationary phase ratio. In both
columns the injection sequence was: an injection of 4CPEE (concentration of 1.12
mg/mL) followed by the ESA injection. This sequence was repeated every 30 min.
The treatment of the columns with base was similar. The injection solution was
made of ' 10 mg DIPEA per 100 mL of a 9:1 (v/v) hexanes/ethanol solution. The
analytical column was then injected 7 times with 100 µL of the DIPEA solution.
The preparative column was injected 23 times with the same ESA solution. In this
way, the two columns were exposed to the same DIPEA/stationary phase ratio. In
both columns the injection sequence was: an injection of Propranolol (concentration
of 0.504 mg/mL) followed by the DIPEA injection. This sequence was repeated
every 30 min. The number of DIPEA injections was decreased due to the fact that
less of the DIPEA was required to create the BME. This could be due to the fact
that DIPEA diffuses faster through the polymer than ESA or that fewer sites need
to be activated by the base mobile phase modifier.
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The preparative injection solutions were made with 9:1 (v/v) solutions of
hexanes/ACS reagent grade alcohol in 50 mL volumetric flasks. The Tro¨ger’s base
was made at a concentration of 10.06 mg/mL. The TSO was created at a
concentration of 10.08 mg/mL. Neither of these racemic mixtures were saturated
due to the limitations of the UV/Vis detector and the feed pump. These lower
concentrations were chosen to insure maximum loading without causing the loss of
selectivity or resolution. The two remaining racemic mixtures were loaded at
maximum mobile phase concentrations of 7.67 mg/mL for 4CPEE and 0.503
mg/mL for propranolol.
The resolution between the two enantiomers was used to characterize the degree
of column loading, which ensured that results on the analytical and the preparative
columns could be easily compared. The traditional method of characterizing the
degree of loading of preparative columns by the sample size that gives a touching
band separation would only have allowed for the determination of a maximum
loading under the Memory Effect conditions [91]. The sample sizes providing
resolutions of 1.0 and 1.5 (calculated by the Agilent ChemStation software) provide
proper estimates of the influence of the equilibrium isotherms of the two
enantiomers. This also ensures that the same separation is achieved on both
columns.
The loading method for the TSO racemic mixture was optimized at the BME
conditions. During the maximum loading of TSO all the active sites which influence
the selectivity are used due to the overloading of the adsorption sites. If the BME
influenced different active sites than the AME, a difference in the loading of TSO
would be noticed. On the other hand, if the active sites for the neutral enantiomers
were unaffected by either the AME or the BME, no loading differences would be
detected.
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The Tro¨ger’s base enantiomers lose separation selectivity under conditions of
maximum AME (see section 2.4.2 and specifically Figure 2.8). Only after
continuous flushing of the column with the unmodified (neutral) mobile phase or
treating the column with a base solution does the separation of this racemic mixture
return to the origin condition. The separation of the Tro¨ger’s base enantiomers does
not require a base modifier; yet under analytical conditions the addition of a base
modifier produces a higher resolution (see Section 4.4.3). As a result, this racemic
mixture is influenced by the presence of both the AME and the BME. Measuring
the changes in selectivity caused by the Memory Effect at the preparative conditions
provides a useful assessment of their influence under preparative conditions.
A previous study showed that the enantiomers of 4CPEE could be separated
under analytical conditions only if an acidic modifier was present in the mobile
phase or if the column was under the AME (see section 2.4.2 and graph 4.1). The
requirement of a mobile phase modifier should apply under preparative conditions
as well. The systematic measurement of the resolutions of preparative separations of
the 4CPEE enantiomers achieved under AME conditions provides an assessment of
the influence of AME on the separation of enantiomers requiring acidic conditions.
The stability of the AME under preparative conditions could also be derived from
changes of the resolution over time.
The enantiomers of propranolol can be separated under analytical conditions
only with a base modifier or under the BME [50]. As a compliment to that of
4CPEE, the preparative separation of propranolol assessed the influence of BME on
the separations of enantiomers requiring basic conditions. The evaluation of the
preparative separation of propranolol measured the stability of BME.
The analytical conditions of the separations are listed in Tables 4.1 and 4.2,
where Table 4.1 represents the separation using a resolution of 1.0 and Table 4.2
83
represents a resolution of 1.5. Due to the large amounts of feed required to overload
the column, the feed pump was set to operate at a flow rate 50% larger than the
mobile phase flow rate. The total feed amount injected on the analytical column
during each separation is also given in Tables 4.1 and 4.2. The temperature of the
columns was held at 40 ◦C during all the experiments. Detection was carried out at
the best wavelength for each separation (see Table 4.1 and 4.2). The back pressure
of the column was initially 8 bar for the analytical column and 6 bar for the
preparative column. The inlet pressure of the analytical column did continue to
increase up to the maximum recommended (70 bar) [69] for this stationary phase.
Flushing the column with ethanol/DIPEA removed the excessive pressure, and the
subsequent separations of TSO and Tro¨ger’s base indicated that the column was not
damaged during high pressure operations. The permeability drop could have been
due to impurities in the feedstock or the accumulation of layers of racemic material
on the polymers. The inlet pressure of the preparative column did not exceed 28
bar, indicating that the pressure phenomenon might be due to the loading method.
The adsorption of the Tro¨ger’s base was described as a bi-Langmuirian isotherm
by Mihlbachler and co-workers [85]; 4CPEE and propranolol also exhibit complex
Langmuirian isotherms (see Appendix C and Sections 4.4.2 and 4.4.4). Such
isotherms are due to the formation of both self-assembled mono- and multi-layers on
the surface of the stationary phase which could be produces by the individual
enantiomers or by the racemic mixture. So the formation of either single
enantiomeric or racemic layers on the stationary phase could explain the increase in
column inlet pressure.
The resolution was calculated using the Agilent ChemStation software. The
selectivity was derived from the peak retention factors. The productivity was
calculated by determining the minimum separation time required between the
beginning of the first peak’s and the end of the second peak’s UV signal. The
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Table 4.1: Preparative Separation conditions using a resolution of 1.0
Analytical Conditions Base Memory Loading Acid Memory Loading
Racemic mixturea 1 2 3 4 1 2 3 4 1 2 3 4
Inj mass (mg) 3.85 0.94 5.96 0.064 11.2 Xb 17.1 0.21 11.2 1.65 17.1 0.21
Separation Time (min) 4.5 25 4.5 6.0 4.5 X 4.5 4.5 4.5 8.0 4.5 4.5
Detection Wavelength (nm) 272 228 307 235 272 X 307 235 272 228 307 235
% theoretical loading - - - - 92.3 X 91.0 102 92.3 174 91.0 102
Stabilityc 75 105 71 60 135 X 163 90 112 1,500 1,600 1,690
Productivity 795 35 1,230 13 734 X 1,120 14 734 60.9 1,120 14
(g enantiomer/kg SP/day)
aLoading sequence: 1 is TSO, 2 is 4CPEE, 3 is Tro¨gers Base, and 4 is Propranolol.
b4CPEE does not separate under the BME conditions
cStability measured in column volumes of solvent eluted percolated through the column.
Table 4.2: Preparative Separation conditions using a resolution of 1.5
Analytical Conditions Base Memory Loading Acid Memory Loading
Racemic mixturea 1 2 3 4 1 2 3 4 1 2 3 4
Inj mass (mg) 2.34 0.441 2.94 0.0075 6.09 Xb 8.83 0.019 6.09 0.445 8.83 0.019
Separation Time (min) 4.5 25 5.0 6.0 4.5 X 4.5 4.0 4.5 8.0 4.5 4.0
Detection Wavelength (nm) 272 228 307 210 272 X 307 212 272 228 307 212
% theoretical loading - - - - 82.6 X 106 121 82.6 100 106 124
Stabilityc 62 132 35 60 135 X 115 90 112 1,500 1,600 1,690
Productivity 483 16.4 546 1.2 399 X 579 1.4 399 16.4 579 1.4
(g enantiomer/kg SP/day)
aLoading sequence: 1 is TSO, 2 is 4CPEE, 3 is Tro¨gers Base, and 4 is Propranolol.
b4CPEE does not separate under the BME conditions
cStability measured in column volumes of solvent eluted percolated through the column.
maximum number of possible injections per day was calculated on the basis of 24 h
of operation per day. The amount injected was then multiplied by the maximum
number of daily injections and normalized to one kg of stationary phase, giving the
amount of enantiomer produced per kg of stationary phase per day (g enantiomer/kg
stationary phase/day) [15], which is the productivity of a specific separation.
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4.4 Results and Discussion
4.4.1 General Observations
The loading capacities of the CHIRALPAK AD under both the AME and BME
conditions are given in Tables 4.1 and 4.2 for Propranolol, Tro¨ger’s base, and TSO.
Initially, only the loading of 4CPEE and TSO were performed under the AME.
Unlike the analytical separation of the 4CPEE enantiomers, continuous overloading
the column with 4CPEE reached a steady-state where the selectivity did not
decrease. After the production of 4CPEE reached a steady-state and testing of the
separation stability was completed, the separation methods optimized for
propranolol and Tro¨ger’s base were used. The results of these enantiomeric loading
separations will be discussed under the corresponding sections below.
The variance associated with method development on the analytical column to
the preparative separation is shown in Tables 4.1 and 4.2. The two base racemic
mixtures actually separate better on the preparative column than with the
equivalent method on the analytical column, while the 4CPEE pair separates almost
as well and the TSO separates slightly less than expected. The higher than expected
loading of the two basic racemic mixtures might be a secondary effect of the
Memory Effect. The preparative column had been used first to separate the Tro¨ger’s
base pair, then the propranolol racemic mixture, both under overloaded conditions
(as shown in Tables 4.1 and 4.2). If this is the case, this would indicate that the
BME is nearly permanent and could be created by significant concentrations of the
racemic mixture themselves, as well as by the mobile phase modifiers, since the
preparative column was not exposed to any modifier prior to this preparative study.
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The stability of preparative separations is of great concern in the manufacturing
and purification of pharmaceuticals. A given unit must be able to continuously
produce the same amount of purified enantiomers for long periods of time if a
sufficiently economical production is too be obtained. Both Tables 4.1 and 4.2 show
the results of making repetitive injections of each racemic mixture on the
preparative column.
4.4.2 trans-Stilbene Oxide
The TSO loading experiments on the CHIRALPAK AD yield two results. First,
neutral molecules are completely unaffected by either the AME (Figure 4.4) or
BME (BME Figure 4.3) at both extremes. In both conditions, the same amount of
TSO racemic mixture produces similar separations. No difference can be observed
between the productivities under acid or base mobile phase, at similar resolution. In
Figures 4.3a and 4.4a the resolution of the TSO separation is 1.52 and in Figures
4.3b and 4.4b the resolution of the separation is 0.97. This observation leads to the
second result: the active sites for chiral recognition of neutral molecules are
completely unaffected by acid or base modifiers, even for the preparative scale.
These results indicate that a physical conformational change of the amylose
tris(3,5-dimethylphenylcarbamate) polymer is unlikely. If the shape of the polymer
structure was changed by exposure to the mobile phase modifiers, the location and
number of active sites are very unlike to have remained identical. Any change in the
three dimensional structure of the polymer would have considerable effect on the
chiral environment created by the stationary phase, leading to either some increase
or loss of selectivity at the preparative separation level of these enantiomers.
The stability of this preparative separation was tested for by percolating over
125 column volumes through the column, corresponding to 350 mL of mobile phase,
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(a)
(b)
Figure 4.3: The preparative separations of TSO after the column was exposed to
the base mobile phase modifier. a) The resolution was 1.52 and the selectivity was
2.05, with an injection of 6.09 mg and a 4.5 minute run time giving a loading capacity
of 399 g racemate/kg CSP/day. b) The resolution was 0.97 the selectivity was 1.97,
with an injection of 11.2 mg and a 4.5 minute run time giving a loading capacity of
734 g racemate/kg CSP/day. Conditions: 40 ◦C, 90/10 (v/v) hexanes/ACS reagent
grade alcohol, 6bar, 2.6 mL/min flow rate, CHIRALPAK AD, Agilent ChemStation
chromatogram: x-axis is measured in min and the y-axis is measured in mAU.
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(a)
(b)
Figure 4.4: The preparative separations of TSO after the column was exposed to
the acid mobile phase modifier. a) The resolution was 1.52 and the selectivity was
2.05, with an injection of 6.09 mg and a 4.5 minute run time giving a loading capacity
of 399 g racemate/kg CSP/day. b) The resolution was 0.97 the selectivity was 1.97,
with an injection of 11.2 mg and a 4.5 minute run time giving a loading capacity of
734 g racemate/kg CSP/day. Conditions: Same as 4.3a.
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which took more than 2 h. The separation was not expected to drift, due to its
status as a standard separation. The results under both the AME and the BME
merely strengthen this concept; TSO shows no influence of either Memory Effect.
Similar to the analytical conditions, the preparative separation of the TSO racemic
mixture under both the AME and BME indicates that the separation of racemic
mixtures which do not require mobile phase modifiers can be carried out identically
under these conditions.
4.4.3 4-Chlorophenylalanine Ethyl Ester
Figure 4.5 illustrate the results of the preparative separation of 4CPEE under three
different mobile and stationary phase conditions. In Figure 4.5a, no separation of
the 4CPEE enantiomers occurred due to the lack of acidic modification of the either
the mobile phase or stationary phase. In Figure 4.5b, the addition of ESA to the
mobile phase and the continuous percolation of this acidic solution through the
stationary phase created an acidic environment which allowed for the separation of
the racemic mixture. Finally, in Figure 4.5c, the chiral environment was activated
by the previous exposure of the column to ESA; yet, the present mobile phase was
identical to that in Figure 4.5a. In this new activated environment, a steady-state
was reached. The steady-state condition did not provide the same selectivity,
resolution, and productivity as the one obtained when the acidic modifier was used
(see Figure 4.5b), but did have one important advantage. When using modifiers,
such as ESA, in preparative separation, the modifier is concentrated with the
individual enantiomer at the same time the product is being recovered. Retaining
the mobile phase modifier can have undesired effects on the purified enantiomers.
The actual mass of modifier collected will affect the final mass of product recovered.
For example, in the preparative separation of 4CPEE (using 0.05% ESA in the
mobile phase), it was estimated that over 110 ppm of ESA was collected with the
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first enantiomer per day of operation and over 190 ppm of ESA per day for the
second enantiomer. This addition of the mobile phase modifier contaminated the
purified product of the separation. Second, this concentration of the mobile phase
modifier could be hazardous to the purified enantiomers. Undesired effects of the
increased modifier concentration may create a pH level that promotes the
degradation of the product, causes epimerization, or increases the likelihood of the
formation of an esters.
The formation of a steady-state 4CPEE separation (See Figure 4.6) takes place
after only 5 injections. This steady-state remains unchanged even after 3000 column
volumes are flushed through the column, corresponding to 50 continuous hours of
operation.
4.4.4 Tro¨ger’s Base
The separation of the Tro¨ger’s base racemic mixture was greatly influenced by the
mass injected without regard to the addition of any mobile phase modifiers. For
example, when 8.85 mg of the racemic mixture was injected onto the column a
resolution similar to Figure 4.7a was obtained. When the injected mass was
increased, as seen in Figure 4.7b, the retention times, selectivity, and resolution
decreased. The analytical separation was also influenced by the AME and BME,
even though the separation was only eliminated at the largest acid mobile phase
modifier concentration. As the chiral environment within the polymer structure was
influenced by an acidic modifier, the separation of the Tro¨ger’s base enantiomers
decreased in efficiency and resolution. The retention factors of the enantiomers
increased while the peaks broadened when exposed to the increase in the acid
mobile phase modifier (See Figure 4.8a). Yet once the AME reached a steady-state
– where the preparative separation of the 4CPEE enantiomers remained constant –
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(a)
(b)
(c)
Figure 4.5: a) Without treating the column with either acid or base the racemic pair
of 4CPEE do not separate. Conditions: Same as Figure 4.3a. b) The resolution was
1.01 and the selectivity was 1.56, with an injection of 1.65 mg and a 9 minute run time
giving a loading capacity of 60.7 g racemate/kg CSP/day. Conditions: 40 ◦C, 90/10
(v/v) hexanes/reagent alcohol with ESA, 6 bar, 2.6 mL/min flow rate, CHIRALPAK
AD c) The resolution was 1.47 and the selectivity of 1.68, with an injection of 0.50 mg
and a 8 minute run time giving a loading capacity of 16.6 g racemate/kg CSP/day.
Conditions: Same as Figure 4.3a.
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Figure 4.6: Overloading stability results for the 4CPEE. Each injection (both the
4CPEE and the ESA) were at 100uL. The slight change in selectivity before the
second ESA injection maybe due to a more concentrated 4CPEE solution being used.
In each of the three cases the selectivity returned to slightly higher than 1.4. The final
series was carried out for nearly 800 column volumes. Conditions: Same as Figure
4.3a. The blue horizontal line indicates where ESA was injected onto the column.
The black horizontal line indicates where the mobile phase flow rate was temporarily
stopped.
the loading of the Tro¨ger’s base was identical to the separation under the maximum
BME (See Figure 4.8b). Two hypotheses remain to be investigated. First,
self-assembled layers of enantiomers form, thereby improving the chiral
environment, and sustaining the Tro¨ger’s base preparative separation. Second, all
the active sites required to create the Tro¨ger’s base selectivity may have been
activated solely by the mobile phase modifiers.
The stability of the Tro¨ger’s base preparative separation was tested for 225
column volumes, requiring nearly 4 h. With the Tro¨ger’s base, additional volume
was used to ensure that the Memory Effect’s influence on this loading was
accounted for.
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(a)
(b)
Figure 4.7: a) The resolution of the Tro¨ger’s base separation under the influence
of the BME of 1.53 and the selectivity was 2.11, with an injection of 8.85 mg and
a 4.5 minute run giving a loading capacity of 581 g racemate/kg CSP/day. b) The
resolution was 1.02 and the selectivity was 1.99, with an injection of 17.5 mg and a 4.5
minute run giving a loading capacity of 1150 g racemate/kg CSP/day. Conditions:
Same as Figure 4.3a.
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(a)
(b)
Figure 4.8: a) The separation of the Tro¨ger’s base racemic pair near the maximum
ESA loading condition. b) The separation of the Tro¨ger’s base racemic pair near the
maximum DIPEA loading condition. The Conditions: Same as Figure 4.3a.
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4.4.5 Propranolol
The separation of the propranolol racemic mixture is an example of the BME
improving a separation upon the addition of a base modifier to the analytical
column. Figure 4.9 shows the separation obtained without a treatment of either an
acid or base modifier to the mobile or stationary phase. When the column was
treated with an acid modifier no separation of the propranolol racemic mixture
occurred. Unlike the AME, which slowly reached a steady-state, the propranolol
preparative separation indicated that a steady-state may have been reached
instantaneously. Once the column had been exposed to the base modifier, the
separation continuously performed slightly better. It should be noted that in the
preparative separation, this racemic mixture also showed distinct evidence of a
complex Langmuirian isotherm (see Appendix C). For example, the increase in
loading from 19.6 mg, with a resolution of 1.37, to the loading of 206 mg, with a
resolution of 1.0, did not change the selectivity of the separation (See Figure 4.10a
and 4.10b). This data, combined with results from the Tro¨ger’s base and 4CPEE of
complex Langmuirian isotherms, may indicate that the formation of enantiomeric
layers on the surface of the polymer is required prior to the influence of the Memory
Effect being observed.
The results of the stability test of the preparative separations indicate that
propranolol can be separated after the column has been exposed to an acid modifier.
Combining the observation that Tro¨ger’s base also separates under an AME
steady-state suggests that the BME could be permanent. The total column volume
between the addition of the base modifier and the final separation of propranolol
exceeded 3,375 column volumes, equivalent to 56 h of continuous operation.
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Figure 4.9: Without treating the column with either acid or base, the racemic
mixture of propranolol does not fully separate having a resolution of 0.72 and a
selectivity of 1.21. Conditions: Same as Figure 4.3a.
4.5 Conclusions
Two issues arise when separations developed using amylose
tris(3,5-dimethylphenylcarbamate) as the stationary phase are transferred from
analytical to broader columns. The first problem is related to the scaling-up of
methods. Without the Memory Effect, scaling separations from analytical to larger
columns requires only calculations to adjust for the flow rates, column diameter,
and amount of stationary phase used in the larger column. The Memory Effect
phenomenon adds an element of complexity and an additional factor that must be
corrected for during the scale-up process. A second issue arising when there is a
Memory Effect is a concern for separation stability. In previous studies of the
Memory Effect, it was found that analytical columns slowly lose the capacity to
separate specific racemic mixtures that require either a BME or an AME [77] [87].
In this study both issues have been addressed.
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(a)
(b)
Figure 4.10: a) The resolution of the separation of propranolol under the influence
of the BME was 1.37 and the selectivity was 1.47, with an injection of 19.6 mg and
a 4 minute run time giving a loading capacity of 1.45 g racemate/kg CSP/day. b)
The resolution was 0.91 and the selectivity was 1.47, with an injection of 206 mg
and a 4.5 minute run time giving a loading capacity of 13.5 g racemate/kg CSP/day.
Conditions: Same as Figure 4.3a.
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The scaling of chromatographic methods from analytical to preparative columns
packed with an amylose tris(3,5-dimethylphenylcarbamate) stationary phase was
difficult to carry out in the past due to the influence of the Memory Effect. In this
study, a method was used to determine the correction factor. Using the 4CPEE and
propranolol racemic mixture, it was shown that after 1 – 5 preparative scale
injections, a steady-state is reached that is transferable to larger columns with
excellent results. However, the reproducibility of any method should always be
determined at the analytical level prior to the actual transfer to the preparative
column due to the additional amount of product, solvent, and time needed to create
the steady-state on larger columns.
The steady-state condition reached after a small number of preparative scale
injections is more stable than the analytical separation data would suggest. This
can be understood if it is recognized that a certain amount of the racemic mixture is
adsorbed to the active sites of the stationary phase. Thus, overloading the column
with preparative injections requires a continuous resupply of the stationary phase
surface with the appropriate active material ensuring that the proper chiral
environment remains available to maintain the desired separation. Under analytical
conditions, the amount injected does not resupply the chiral environment with the
proper active material, hence the loss of separation over an extended period of time.
Additionally, this study showed that the resolution of neutral racemic mixtures
are unaffected by the presence of either the AME or BME. Preparative separations
of Tro¨ger’s base and TSO retained the same resolution and selectivity at both the
BME and AME steady-state. This result suggests that all the active sites required
for the separation of these racemic mixtures remain regardless of either Memory
Effect. As a result, a neutral CHIRALPAK AD column is unnecessary since the
neutral enantiomeric pairs will perform as well under any column condition.
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The final observation made is the stability of the BME. Racemic mixtures
requiring a base modifier in the mobile phase can be separated on the CHIRALPAK
AD column even after the modifier has been removed. Under the maximum degree
of AME influence, these racemic mixtures requiring a base modifier are not resolved.
Yet after a steady-state condition which is capable of separating acid requiring
racemic mixtures has been achieved, these racemic mixtures requiring a base
modifier can be separated with the same selectivity and resolution as under BME
conditions. This suggests that the active base sites are only eclipsed by the presence
of an acid modifier and that when the acid modifier is no longer present, the
activated base sites are available again.
Once understood, the Memory Effects can be put to good use. The number of
racemic mixtures that can be preparatively separated on CHIRALPAK AD becomes
larger, and the need to store additional expensive columns in a laboratory can be
eliminated or reduced.
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Chapter 5
Developing a test to determine the
presence of the Memory Effect on
columns packed with the amylose
tris(3,5-dimethylphenylcarbamate)
stationary phase
5.1 Introduction
The pharmaceutical industry relies on HPLC analysis as one of the most suitable
systems for quantitative analysis [92]. Numerous laboratories are involved with
bringing a new Active Pharmaceutical Ingredient (API) to the market place, which
requires the transference of methods between columns, instrumentation, and
laboratories [93]. The transfer and scaling of a method developed on one column to
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a second column depends on the mobile phase composition, the flow rate, the mass
of stationary phase, and the sample injection mass. Additionally, the variability in
manufacturing batches of stationary phase can influence the separation when
transferring a method to a second column. In this research, the problem of batch
variability was minimized by using more than one column from the same batch of
stationary phase. The most significant consideration when transferring a separation
method using the amylose tris(3,5-dimethylphenylcarbamate) (CHIRALPAK AD,
Diacel Industries, Osaka, Japan) stationary phase to other columns of the same
stationary phase is a phenomenon called the Memory Effect, first recognized by Ye
and Stringham in 2001 [12] [13]. Once a column with this stationary phase has been
exposed to an acid or base mobile phase modifier, the separation of certain, but not
all, racemic mixtures will change. After removing the mobile phase modifier the
change in separation capacity is retained for thousands of column volumes [77].
In this research, the mobile phase composition was kept constant, and the flow
rate for each column was adjusted to have identical retention time of the solvent
peak, even on columns with different dimensions. The enantiomeric injection mass
was adjustment to give the same ratio of enantiomeric mass to stationary phase
mass for each column. For example, the TSO enantiomeric mass injected on the
analytical column with the dimensions of 4.6× 150 mm, labelled 4019, was 1
mg/mL at 10 µL giving an injection mass of 10 µg/1.55 g of stationary phase. To
provide the same enantiomeric injection mass to stationary phase mass ratio the
injected mass on the SMB columns with the dimensions of 10× 100 mm (both
columns labelled SMB-C and SMB-E) would require injecting 2.6 times as much
material on the SMB columns due to the extra stationary phase in the larger SMB
columns. As a result, the injection volume on the SMB columns was 26 µL at a
concentration of 1 mg/mL.
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A better understanding of the Memory Effect, as well as efficient tests for the
detection of this phenomenon, are crucial to the pharmaceutical industry. By
focusing on a stationary phase that primarily shows this phenomenon, three
objectives can be accomplished. First, understanding the correct method for
detecting the Memory Effect is critical to the development of methods for
controlling the phenomenon, thus allowing the separation of additional racemic
mixtures on this stationary phase. Second, properly determining if this phenomenon
exists on other carbamate stationary phase will expand the number of racemic
mixtures separated by chromatographic methods. Third, using a column with a
known Memory Effect in preparative separations can be combined with partial
asymmetric synthesis and/or enantiomeric enrichment crystallization to improve the
success of creating new APIs.
In order to apply the Memory Effect properly to the development of analytical
and preparative methods, a decisive test must be developed to determine when a
column has been exposed to mobile phase modifiers. Determining if a column has
been exposed to a modifier and whether that column is still under the influence of
the same modifier can be the difference between a method succeeding and failing at
separating a racemic mixture. The goal of this research was to determine which
racemic mixtures are good test probes for the Memory Effect and to determine if
one or more steady-state conditions exist within the Memory Effect phenomenon.
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5.2 Experimental
5.2.1 Equipment
An HP 1090 (Agilent, Santa Clara, CA US) was used to carry out all experiments
and to collect all measurements reported. A single pump and a single batch of
prepared mobile phase were used to eliminate possible variations of the ethanol
concentration during individual tests. A column heater was used to control the
separation temperature at 40 ◦C. An autosampler was used to allow for repetitive
injections over the entire data collection period. A single wavelength detector was
used because all the racemic mixtures tested had an excellent signal to noise ratio at
210 nm.
5.2.2 Columns and Stationary Phase
The analytical 4.6× 150 mm column used for these studies was packed by Chiral
Technologies (West Chester, PA, USA)and was labelled 4019. The analytical
column had been used in previous studies of the Memory Effect (see Chapters 2 – 4)
but had not been exposed to any mobile phase or additive other than those which
were documented in a previous publications [56], [77]. In particular, the column was
exposed to ESA, Ethanol, DiPA, and Hexanes as mobile phases and/or additives.
The column was also exposed to the racemic mixtures of TSO, 4CPEE, 4CPME,
ketoprofen, propranolol, and Tro¨ger’s base.
Two preparative 10× 100 mm columns were also packed by Chiral Technologies,
theses columns were labelled SMB-C and SMB-E. These two columns had been used
previously for the preparative separation of Tro¨ger’s base. All solvents used in these
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columns had been reported by Mihlbachler and co-workers [85]. In particular, the
columns were exposed to methanol, isopropyl alcohol, and Tro¨ger’s base.
Additionally one of these columns (labelled SMB-C) had been used for the
preparative separation of 4CPEE, 4CPME, TTBB (which was used to mark the
column volume), ketoprofen, Tro¨ger’s base, propranolol, and TSO. The SMB-C
column was additionally exposed to both ESA and DiPA (see Chapter 4).
Two additional columns were obtained from Chiral Technologies and labelled
ID006 and FB001. The dimensions of these columns were 4.6× 250 mm, and these
columns had been used by numerous groups and laboratories. Due to their unknown
solvent history, these columns were excellent for the comparison to the previous
columns listed. By comparing the separation of different racemic mixtures on these
columns with unknown solvent histories, we could determine their exposure to
either the Acid Memory Effect (AME) or Base Memory Effect (BME).
5.3 Procedures
The mobile phase was made as 4 L of 90/10 (v/v) hexanes/ethanol. This was to
ensure that all columns were exposed to the same mobile phase and that all
separations would use the same mobile phase. All samples (4CPEE, 4CPME,
ketoprofen, propranolol, Tro¨ger’s base, and TSO) were made at a concentration of
approximately 1 mg/mL in a solution of 90/10 (v/v) hexanes/ethanol. Each column
was kept at a temperature of 40 ◦C when in use. The flow rate was controlled for
each column to ensure that the TTBB, used as a column void marker, eluted at the
same time from each column.
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Before any samples were injected on to a column, the particular column was
flushed with mobile phase for at least twenty column volumes. In the case of the
analytical 4.6× 150 mm column (4019), this mobile phase volume was 30 mL. For
the preparative 10× 100 mm columns (SMB-C and SMB-E) this mobile phase
volume was 80 mL. For the two 4.6× 250 mm columns with unknown history
(ID006 and FB001), an additional step of flushing with isopropyl alcohol was carried
out prior to the hexane/ethanol flush. This additional flush was to ensure that the
hexane/ethanol mobile phase was compatible and miscible with the previous
(unknown) mobile phase within the column when received.
The injection sequence followed for each column was: 4CPEE, 4CPME,
ketoprofen, propranolol, Tro¨ger’s base, and then TSO. This sequence was repeated
three times for each column.
The determination if a column was exposured to the AME or BME was done by
comparing the selectivity of all six racemic mixtures to the data collected previously
in this work (See Section 2.4.2) [77]. An example of these data and the conceptual is
presented in Figure 5.1. These data were collected by exposing the analytical
4.6× 150 mm column (4019) to a maximum load of ESA, and continuous injections
of the six racemic mixtures were made until the selectivity of the 4CPEE and
ketoprofen reached a value of one. Then the column were exposed to DiPA, and the
injections of the six racemic mixtures was continued until the selectivity of Tro¨ger’s
base and propranolol reached a maximum value.
106
(a)
(b)
Figure 5.1: a) The selectivity of the six racemic mixtures tested on the column when
it was received. The 4CPME and propranolol enantiomers had a slight selectivity.
The 4CPEE enantiomers had no selectivity, and the ketoprofen enantiomers did not
elute from the column. b) Using the information about the specific selectivity’s of
the 4-chlorophenylalanine derivatives, the ketoprofen and the propranolol racemic
mixture, a specific region could be determined for where this column fit between the
AME and BME. The curves generated for this conceptual representation was from
data collected from our first article on the Memory Effect [77] Conditions: 1 mL/min
linear velocity, 40 ◦C, 90/10 (v/v) hexanes/alcohol mobile phase.
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5.4 Results and Discussion
5.4.1 The analytical 4.6× 150 mm column
Prior to exposing the 4.6× 150 mm column (labelled 4019) to any mobile phase
modifiers, injections of all six racemic mixtures were performed onto the column.
The results of the initial test can be seen in Figure 5.1a. As would be expected, the
two standards of Tro¨ger’s base and TSO were the only two racemic mixtures that
were fully resolved on this column. Partial resolution was observed for 4CPME and
propranolol, while the 4CPEE was not resolved at all and the ketoprofen did not
elute from the column. These results were considered to be the standard separation
capacity of any new CHIRALPAK AD column. [55] Previously, it showed that the
resolution of individual enantiomers of 4CPEE, ketoprofen, and 4CPME were
indications that a column was under the influence of the AME [77]. It was also
shown that the full resolution of the propranolol enantiomers was an indication that
a column was under the influence of the BME. [77] In Figure 5.1a, the actual
collected chromatograms for the five racemic mixtures are shown which elute from
this column. Figure 5.1b shows a graphical analysis of the same results. In the
graphical analysis, the x-axis indicates the degree of Memory Effect that a column
exhibits. The far left is the maximum AME. The far right is the maximum BME.
The box labelled 4019 is the indication of where this column, that is not under the
influence of either Memory Effect, would fit on the graph. Additionally, the actual
selectivity and resolution values for each racemic mixture are recorded on Table 5.1.
Figure 5.2a shows the influence of exposing the same column to acid and base
mobile phase modifiers. The separation of the 4CPEE enantiomers did not change,
and no separation was detected. The separation of the 4CPME was nearly
eliminated. At the same time the separation of the propranolol enantiomers
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improved slightly. This would indicate that the chiral environment had changed and
was more likely to recognize other racemic mixtures similar to propranolol. Figure
5.2b shows the graphical display of this slight change. In Table 5.1 the actual
selectivity and resolution values have been recorded.
5.4.2 The preparative 10× 100 mm columns
Two preparative columns were used in this study. One column (labelled SMB-E)
was only exposed to methanol, isopropyl alcohol, hexanes, and Tro¨ger’s base prior
to this study. The second preparative column (labelled SMB-C) was additionally
exposed to hexanes, ethanol, ESA, DiPA, 4CPEE, 4CPME, ketoprofen, propranolol,
and TSO prior to this study. The variations in the selectivity measured in the
original column (Figure 5.1a) and each preparative column (See Figures 5.3a and
5.4a) are due to each column being exposed to different solvent mobile phase
modifiers.
The column labelled SMB-E showed two significant changes from the original
separation selectivity of column 4019. As shown in Figure 5.3a, the propranolol
enantiomers were fully resolved, while the 4CPME enantiomers had little selectivity.
This indicated that the column was under the influence of the BME. Neither the
TSO nor the Tro¨ger’s base showed any significant changes, and as a result, these
racemic mixtures cannot be used to detect the presence of the BME. Figure 5.3b
shows the graphic extent of the BME on this column. The actual recorded
selectivity and resolution for the six racemic mixtures on this column can be seen in
Table 5.1.
The column labeled SMB-C (Figure 5.4a) had three significant differences from
the original selectivity data collected on column 4019 and column SMB-E. The most
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(a)
(b)
Figure 5.2: a) For the 4019 column the propranolol enantiomers had a slightly
higher selectivity than the original column data. But the other racemic mixtures
each separated similar to the data collected from the original column test. This
would indicate that this column was operating similar to a new column even though
this column had been exposed to both acid and base mobile phase modifiers. b)
Using the information about the specific selectivity’s of the 4-chlorophenylalanine
derivatives, the ketoprofen and the propranolol racemic mixtures a specific region
can be determined for where this column fit between the AME and BME on this
conceptual representation. Due to the data results similarity to a column that had
not been exposed to mobile phase modifiers, this column can be considered to operate
as a column with no mobile phase modifier exposure. Conditions: identical to Figure
5.1a.
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(a)
(b)
Figure 5.3: a) For the SMB-E column the propranolol enantiomers had a much
higher selectivity than the original column data. But the other racemic mixtures
each separate similar to the data collected from the original column test. This
indicated that this column was operating under the BME, yet the only basic material
exposed on this column were the overloading preparative separation of Tro¨ger’s base
carried out by Mihlbachler and co-workers [85]. b) Using the information about
the specific selectivity’s of the 4-chlorophenylalanine derivatives, the ketoprofen and
the propranolol racemic mixtures a specific region was determined for where this
column fit between the AME and BME on this conceptual representation. The
improved separation of propranolol enantiomers, even without mobile phase modifiers,
indicated that this column should be considered to be under the Basic Memory Effect.
Conditions: identical to Figure 5.1a.
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significant change was the elution and chiral recognition of the ketoprofen
enantiomers. Additionally, both of the 4-chlorophenylalanine derivative enantiomers
were fully resolved. The final difference observed was that the propranolol
enantiomers were barely separated. This column was under the influence of the
AME. This column was not at the maximum AME, instead there was only a
residual influence on the separation of certain racemic mixtures. The graphical
depiction of the AME can be seen in Figure 5.4b. The actual selectivity and
resolution data for this column is recorded in Table 5.1.
5.4.3 The 4.6× 250 mm columns with unknown solvent
exposure
The two unknown 4.6× 250 mm columns have been labelled ID006 and FB001. All
previous data concerning exposure to mobile phase and mobile phase modifiers have
either been lost, not recorded, or not provided. As a result, the chiral environments
inside the columns were unknown. The separation of the TSO enantiomers
indicated that the stationary phase had not been damaged (see Figure 5.5a - ID006
and 5.6a - FB001).
Figure 5.5a shows the chromatograms of five of the racemic mixtures separated
on the ID006 column. The ketoprofen enantiomers did not elute from this column.
The 4CPEE enantiomers did not separate, and the 4CPME enantiomers had only a
slight capacity to separate. The propranolol enantiomers had a larger selectivity on
this column than on the original 4019 column (Table 5.1). From these results, it
should be recognized that this column had been exposed to basic mobile phase
modifiers. Figure 5.5b shows the graphical representation of the extent of BME seen
on this column.
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(a)
(b)
Figure 5.4: a) For the SMB-C column the propranolol enantiomers had some
selectivity and the 4-chlorophenylalanine derivatives had a strong selectivity. Even
more, the ketoprofen enantiomers eluted and had separation selectivity. This
indicated that this column should be considered to be operating under the influence of
both the Base and the AME. b) Using the information about the specific selectivity’s
of the 4-chlorophenylalanine derivatives, the ketoprofen and the propranolol racemic
mixtures a specific region could be determined for where this column fits between
the AME and BME on this conceptual representation. The improved separation of
the 4-chlorophenylalanine derivatives and the ketoprofen enantiomers, even without
mobile phase modifiers, indicated that this column should be considered to be under
the AME. The slight selectivity of the propranolol enantiomers indicated that this
column had similarities to the FB001 column, yet had not fully lost the capacity to
recognize the ketoprofen racemic mixture. Conditions: identical to Figure 5.1a.
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(a)
(b)
Figure 5.5: a) For the ID006 column the propranolol enantiomers had a slightly
higher selectivity than the original column data. But the other racemic mixtures each
separated similar to the data collected from the original test. This would indicate
that this column was operating similar to a new column even though this column had
an unknown solvent history. b) Using the information about the specific selectivity’s
of the 4-chlorophenylalanine derivatives, the ketoprofen and the propranolol racemic
mixtures a specific region could be determined for where this column fit between the
AME and BME on this conceptual representation. Due to the data results similarity
to a column that had not been exposed to mobile phase modifiers, this column would
be considered to operate as new column. Conditions: identical to Figure 5.1a.
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Figure 5.6a shows the chromatogram of all six racemic mixtures separated on
the FB001 column. The most recognizable change from the original column was the
position and single peak of the propranolol enantiomers. The second most
distinguished change was the elution and separation of the ketoprofen enantiomers.
Additionally, both 4CPEE and 4CPME were fully resolved. The selectivity and
resolution data (shown in Table 5.1) indicated that this column was under the
influence of a residual AME. The graphical representation of this Memory Effect is
shown in Figure 5.6b.
5.5 Conclusions
The goal of this research was to understand and identity a method to determine
which columns were under the influence of the Memory Effect. The use of the
enantiomers of the 4-chlorophenylalanine derivatives, the ketoprofen and the
propranolol demonstrated that certain columns do have the capacity to separate
these racemic mixtures differently than a recently purchased column. As a result, a
simple test was devised and implemented. This test successfully showed that the
separation of the 4-chlorophenylalanine derivatives could indicate which columns
have been exposed to the AME mobile phase modifiers. The separation of the
ketoprofen enantiomers did not provide as much information, since the separation of
these enantiomers only occurred for a specific period of time after the column was
exposed to a modifier. Yet ketoprofen racemic mixture is a cheap and easily
available test probe. The propranolol enantiomers did quite well at demonstrating
that a column had been exposed to a BME mobile phase modifier. Unfortunately,
both the Tro¨ger’s base and the TSO are poor probes for detecting the Memory
Effect. The separation of Tro¨ger’s base returned to a modifier naive condition
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(a)
(b)
Figure 5.6: a) For the FB001 column the propranolol enantiomers had no selectivity
and the 4-chlorophenylalanine derivatives had a strong selectivity. Even more, the
ketoprofen enantiomers eluted and had separation selectivity. This indicated that
this column should be considered to be operating under the influence of the AME.
b) Using the information about the specific selectivity’s of the 4-chlorophenylalanine
derivatives, the ketoprofen and the propranolol racemic mixtures a specific region
could be determined for where this column fit between the AME and BME on this
conceptual representation. The improved separation of the 4-chlorophenylalanine
derivatives and the ketoprofen enantiomers, even without mobile phase modifiers,
indicated that this column should be considered to be under the AME. Conditions:
identical to Figure 5.1a.
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rapidly, and separation of the TSO was completely unaffected by the previous
exposure of the stationary phase to modifier.
The tests of these six columns did indicate that at least four steady-state
conditions do exist within the phenomenon of the Memory Effect. The mobile phase
modifier naive condition is seen on recently purchased columns, older columns that
have not been exposed to mobile phase modifiers, and columns that have been
returned to the original separation condition. A BME steady-state condition also
exists. This steady-state condition can be reached and easily kept if the column is
not exposed to significant concentrations of acidic modifiers. At least two
steady-state conditions exist with a capacity to separate enantiomers that require a
acidic mobile phase modifier. Two of the columns tested in this research show
different levels of capacity to recognize certain racemic mixtures. At one
steady-state condition, all three racemic mixtures separated with appropriate
selectivity. This steady-state condition may be more of a saddle point instead of a
stable state. The second acid steady-state condition was created by exposing a
column to an acidic mobile phase modifier which can separate the
4-chlorophenylalanine derivatives but not the ketoprofen racemic mixture. Yet the
lack of a separation of propranolol enantiomers can detect this steady-state
condition. For this reason, the enantiomers of ketoprofen and propranolol can easily
be used to determine the the presence of the four steady-state conditions detected in
this research. The shape of the eluting peaks after making injections of both
ketoprofen and propranolol on a CHIRALPAK AD column can determine the
presence of the Memory Effect on that column. If ketoprofen elutes and selectivity
is determined for the enantiomeric pair the column in question has been exposed to
an acidic mobile phase modifier, this is one of the AME steady-state conditions. If
the ketoprofen elutes with 45 min with only a single broad peak this is the weaker
AME steady-state condition. If the ketoprofen does not elute from the column the
propranolol peak shape can determine two additional steady-states. If the
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propranolol enantiomers are completely resolved with full selectivity this column has
been exposed to a base mobile phase modifier and this is the strong BME
steady-state condition. If the propranolol racemic mixture elutes with only a slight
selectivity (below 1) then this column should be considered to be mobile phase
modifier naive, this is the original condition and is the last steady-state condition.
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Chapter 6
Conclusions
The purpose of these experiments was to systematically study the chromatographic
Memory Effect on the amylose tris(3,5-dimethylphenylcarbamate) stationary phase.
The observation, the stabilization, the removal, and the continuity of the Memory
Effect phenomenon have been shown in this dissertation. Specifically, the
enantiomers of 4-chlorophenylalanine methyl and ethyl ester, ketoprofen, and
propranolol HCl have demonstrated the influence of the Memory Effect. The
enantiomers of Tro¨ger’s base have been demonstrated to be slightly influenced by
the Memory Effect’s presence. While at the same time, the enantiomers of TSO
have shown that columns influenced by the Memory Effect have not been damaged;
yet the separation of the TSO is not influenced by the Memory Effect.
The influence of the Memory Effect can be controlled. The method of pulse
injection of a 0.1% mobile phase modifier is as effective. The pulse injection of
either an acidic or basic modifier prior to the injection of specific enantiomers can
improve the enantiomeric separations selectivity and resolution. The acid pulse
injections influence can be reversed by injecting a base modifier, and the base
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modifier can be removed by a pulse injection of an acidic modifier. The process of
reversing the influence is not based on direct neutralization, and a molar equivalent
of base modifier is not required (see Figure 3.5) to remove the acidic modifiers
influence (see Figure 3.1).
The presence of water in the stationary and mobile phase has been detected.
The water has a ratio of three water molecules to each repeating unit of the
stationary phase polymer. Further, this three-to-one ratio is identical to the ratio of
carbamate substituents on the polymer repeat unit. This ratio suggests that the
water and carbamate moiety are interacting to create a water-mediated stabilizing
effect on the separation of certain racemic mixtures.
The bi-Langmuirian isotherm of Tro¨ger’s base indicates that layers of at least one
enantiomer is forming on the surface of the stationary phase. The loading studies of
the ketoprofen, the 4-chlorophenylalanine derivative, and the propranolol also
indicate that multi-layers of these enantiomers are also formed during the separation
of each racemic mixture. The formation of enantiomeric layers indicates that certain
isotherms are required to create the Memory Effect. Combining the requirement of
the ketoprofen for acidic modification of the stationary prior to elution with the
complex Langmurian isotherm requirements leads to the understanding that the
Memory Effect is a sequential phenomenon. This sequential phenomenon can be
used to prepare new columns to perform identically to each other.
Preparative separations of the 4CPEE racemic mixture indicate that once the
stationary phase has been modified, the continued loading of enantiomers on the
column will stabilize the separation. In this way no additional mobile phase
modifier is required. As a result, the pure enantiomer can be collected without the
risk of collecting the modifer as a contaminant of the desired product. Since the
mobile phase modifier is usually a reactive organic acid or base, removing the
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possibility of side reactions during the drying of the pure enantiomer was a desirable
outcome of this research.
The determination of the steady-state of a specific column is important to the
transfer of methods either between analytical columns or to the scale-up of
separations to production levels. Before the transfer of the method can be
successfully accomplished, both columns must be at similar steady-state conditions.
A method of detecting the steady-state condition has been demonstrated in this
research. The Tro¨ger’s base and TSO enantiomers cannot be used for this purpose.
Instead, ketoprofen and propranolol enantiomers can be used to determine the
condition of each column. Pulse injections of the appropriate modifier can then be
used to create the same environment on the column onto which the separation is
being transferred.
6.1 Future Considerations
6.1.1 Detection of the Acid Modifier
The retention of the acid modifier on the surface of the stationary phase has not
been directly detected in this research. The possible formation and washing of
enantiomeric layers from the column indicate that the acid is no longer retained on
the column. The separation of the TSO enantiomers indicates that the acid is not
hindering the active sites required for this racemic mixture to interact with the
chiral environment. These two observations have not determined whether the acid
modifier remains adsorbed on the surface of the stationary phase. It is possible that
the acidic modifier is being retained on the stationary phase in a location that is
near the active sites; yet sufficiently spacial removed to both activate the site yet
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not hinder retention of other racemic mixtures. At the time of this research, the
heterogeneity and lability of the stationary phase makes certain techniques
(electronic microscopy) beyond the scope of this dissertation. Additionally, certain
destructive techniques (elemental analysis) for the detection of the acidic modifier
was avoided due to the loss of research material. Other non-destructive methods of
interest would be infrared spectroscopy, x-ray diffraction, and solid-state NMR.
6.1.2 4-Chlorophenylalanine Ethyl Ester and the
non-Langmuirian Isotherm
Determination of the isotherm for the 4-chlorophenylalanine ester derivatives would
strengthen the proposed requirement of a non-Langmuirian isotherm. Yet the
methods used to determine the correct isotherms require both enantiomers to be
purified prior to the method being used. Additionally, both of the frontal analysis
methods require a range of concentrations and UV activities that are not available
to these racemic mixtures in this mobile phase while using the UV detection system
available. Other racemic mixtures, which have larger concentration ranges, maybe
useful in determining if a non-Langmuirian isotherm is always required for the
Memory Effect to take place.
6.1.3 Ketoprofen and the mono-layer formation
The requirement that the stationary phase be exposed to an acidic modification
prior to the elution of the ketoprofen enantiomers is significant. Determining if the
elution is due to single layer formations of the ketoprofen on the surface of the chiral
polymer would lead to a better understanding of how the Memory Effect occurs. It
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would be of interest to determine if more than one layer was forming, if the layers
were uniform in placement, or if the ketoprofen layers only formed near the active
sites. Additionally of interest would be if only a specific or both enantiomer were
forming these layers.
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List of Abbreviations
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Table A.1
AME Acid Memory Effect
API active pharmaceutical ingredient
BME Base Memory Effect
C18 Octadecylsilyl stationary phase
cS molar concentration of component in the stationary phase
cM molar concentration of component in the mobile phase
CSP chiral stationary phase
DEA diethyl amine
DIPEA Diisopropylethylamine
ESA Ethanesulfonic Acid
FDA US Food and Drug Administration
H hight of a theoretical plate
HPLC high performance liquid chromatography
K partition coefficient
k′R capacity factor
L length of column
MP mobile phase
N total number of theoretical plates in a column
R resolution
SMB simulated moving bed (chromatographic instrument)
SP stationary phase
TFA triflouroacetic acid
tM retention of the mobile phase, dead volume, or column volume
tR retention time of individual component from a sample mixture
TSO trans-Stilbene Oxide
ttbb tri-tert-butyl benzene
u average
UV Ultraviolet
v¯ linear velocity
VM mobile phase volume in column
VS stationary phase volume in column
W width of chromatographic peak
α selectivity
σ variance
4CPEE 4-Chlorophenylalanine Ethyl Ester
4CPME 4-Chlorophenylalanine Methyl Ester
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Appendix B
Summary of Chromatographic
Equations [1]
Linear Velocity:
u =
L
tM
(B.1)
where u is the linear velocity, L is the length of the column, and tM is the
retention time of the solvent front.
Average Rate of Migration, v¯:
v¯ =
L
tR
(B.2)
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The retention time (tR) for each component in a mixture will be slightly
different.
Partition Coefficient, K:
K =
cS
cM
(B.3)
cS is the concentration in the stationary phase and cM is the concentration in
the mobile phase.
The solvent volume (VM) of a column is calculated by
VM = tM × FR (B.4)
where the FR is the flow rate setting given by the mobile phase pump.
The stationary phase volume can then be calculated by using the total volume of
the interior of the column (a cylinder) and subtracting the mobile phase volume
(VM).
VM = pir
2h− VM (B.5)
where r is the radius of the cylinder and h is the length of the cylinder.
The capacity factor (k′R) of a single component:
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k′R =
tR − tM
tM
(B.6)
The selectivity factor, between two components:
α =
k′R2
k′R1
(B.7)
Theoretical Plate Height
H =
L
16
(
W
tR
)2
(B.8)
The total number of theoretical plates per column:
N = 16
(
tR
W
)2
(B.9)
The resolution:
Rs =
√
N
4
(
α− 1
α
)(
1 + k′R2
k′R2
) (B.10)
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Appendix C
Isotherms of specific racemic
mixtures
The isotherms of four racemic mixtures (TSO, Tro¨ger’s base, 4CPEE, and
propanolol) were measured. The mobile phase used consisted of 90/10 (v/v)
hexanes/ethanol. The four racemic mixtures were prepared by dissolving each in the
mobile phase which had been spiked with TTBB at 5 ppm. Table C.1 list the
concentration, detection wavelength, and elution time for each racemic mixture. A
sequence was used which made triplicate injections of the individual mixtures where
the lowest injection volume was 10 µL with each subsequent injections increased by
10 µL up to a maximum of 100 µL. The 100 µL was used as the maximum injection
volume due to limitations in the Agilent HP1100 used during this study. The
following calculations for the stationary phase concentration and Langmuir
isotherms were based on the work of Row and co-workers [94].
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Table C.1: The concentrations, detection wavelength, and elution time for the four
racemic mixtures
Racemic mixture concentration detection elution time
mg/mL nm min
TSO 20.2 270 9
Tro¨ger’s base 16.1 305 8
4CPEE 8.06 228 15
Propranolol 0.504 235 10
C.1 Procedure
Simple determination of Langmuir isotherms were carried out by measuring the
retention times for each enantiomer (t1 and t2) and the TTBB column marker (t0).
The FR was set at 1.0 mL/min and the stationary phase volume was 1.57 ± 0.03
mL determined by pycometry.
The adsorption or partition coefficient (K), the relationship between the
stationary phase concentration of a mixture component (q) and the mobile phase
concentration (c), can be expressed as:
K =
(FR ∗ (tr − t0))
VS
=
cS
cM
(C.1)
were r represents either the first or second enantiomer peak to elute from the
column.
The increase in mass injected onto the column caused the peak shape to deviated
from the Gaussian curve. When the mass transfer between the stationary phase and
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the mobile phase is considered to be instantaneous and the axial dispersion is
neglected the elution peak will have the classic shape described in b) of Figure 1.8.
This peak was divided into individual contributions of ten sections (a, b, ..., j):
q(ca) = c1 +
(FR ∗ (ta − 0) ∗ (ca − t0))
VS
(C.2)
where the subscripts a through j represent the 10 subsequently larger injection
carried out. The other nine equations can be represented as this:
q(cb) = q(ca) +
(FR ∗ (tb − t0) ∗ (cb − ca))
VS
(C.3)
q(cc) = q(ca) +
(FR ∗ (tc − t0) ∗ (cc − cb))
VS
(C.4)
...
q(cj) = q(ca) +
(FR ∗ (tj − t0) ∗ (cj − ci))
VS
(C.5)
Fitting the collected isotherm to the Langmuirian model was carried out by
using the first approximation in the form of:
q(c) =
ac
1 + bc
(C.6)
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where both a and b are Langmuirian parameters. Rearangement of Eq C.6 leads
to the form of y = ax + b:
c/q = 1/a+ (
b
a
)c (C.7)
where the two Langmurian parameters can be calculated from the intercept and
slope of the equation.
Determining the competitive Langmuirian parameters can be done using the
equation:
q(c) =
qsbmCm
1 + b1C1 + b2C2
(C.8)
where the subscript i indicates either the first or second enantiomer and qs is the
saturation capacity. Here the Langmuirian parameters are b1 and b2. C1 and C2 are
the concentration of the first and second enantiomers in the mobile phase. The b1
and b2 were determined by best fit analysis. The determination the qs is based on
the following relationship:
tr,i = t0(1 + FRqsbi) = t0(1 + FRai) (C.9)
The determination of the competitive Langmuir isotherm was carried out base
on the work of Felinger and co-workers [95].
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Table C.2: Recorded qs and best fit model for the first eluting enantiomer of each
racemic pair
Racemic mixture qs best model
TSO 0.78 g competitive
Tro¨ger’s base 0.75 g competitive
4CPEE N/A neither
Propanolol 0.26 g competitive
C.2 Results
C.2.1 trans-Stilbene Oxide
The isotherms of both enantiomers of TSO are presented in Figure C.1. The
Langmuir model did fit the first eluting enantiomer of TSO (see Figure C.1a) but
with an error of 10%, this indicated that the first approximation using the Langmuir
or the competitive Langmuir isotherm model was not the best model to describe the
adsorption of TSO on the CHIRALPAK AD stationary phase. The saturation
capacity (qs) could be determined for the first enantiomer to be 0.78 g to the first
approximation. Neither the Langmuir nor the competitive Langmuir models fit the
second eluting enantiomer (see Figure C.1b). To the first approximation, the
saturation capacity could be determined to be 1.2 g for the second enantiomer. For
both enantiomers case, it can be seen that the a more complex form of the
Langmuir isotherm model may be able to model the adsorption of these molecules,
but additional experiments would be required to improve the accuracy of the fitted
model. Table C.2 indicates the qs and best fitting model for the first eluting TSO
enantiomer, while Table C.3 indicates the qs for the second eluting TSO enantiomer.
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(a)
(b)
Figure C.1: a) Comparing the actual, the Langmuirian fit, and the competitive
Langmuir isotherm for the first eluting enantiomer of TSO. b) Comparing the actual,
the Langmuirian fit, and the competitive Langmuir isotherm for the second eluting
enantiomer of TSO. Conditions: 40 ◦C, 90/10 (v/v) hexanes/ethanol, 6 bar, 1mL/min
flow rate, CHIRALPAK AD.
C.2.2 Tro¨ger’s Base
The isotherms of the Tro¨ger’s base enantiomers are presented in Figure C.2. Unlike
the TSO isotherms the competitive Langmuir isotherm model did fit the first
enantiomer’s isotherm (see Figure C.2a). This result was in contrast to the work of
Seidel-Morgenstern and Guiochon [96] which indicated that on the cellulose
triacetate stationary phase the Tro¨ger’s base isotherm did not fit the Langmurian
model, but does agree with the work of Mihlbachler and co-workers [85]. The
saturation capacity for the first enantiomer of Tro¨ger’s Base on the CHIRALPAK
AD stationary phase could be determined to be 0.75 g to the first approximation.
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Table C.3: Recorded qs and best fit model for the second eluting enantiomer of each
racemic pair
Racemic mixture qs best model
TSO 1.2 g competitive
Tro¨ger’s base 1.0 g competitive
4CPEE N/A niether
Propanolol 0.30 g competitive
The isotherm of the second eluting enantiomer (see Figure C.2b) indicates that a
competitive Langmuirian model does fit the data in the concentration range
recorded for this isotherm. The saturation capacity of this enantiomer was
determined to be 1 g to the first approximation. Yet in both cases the competitive
Langmuirian isotherm model failed to model the lower concentration range of this
study, additional experiments would be useful to determine if the competitive
Langmuirian model is the best fit. Table C.2 indicates the qs and best fitting model
for the first eluting Tro¨ger’s base enantiomer, while Table C.3 indicates the qs for
the second eluting Tro¨ger’s base enantiomer.
C.2.3 4-Chlorophenylalanine Ethyl Ester
The isotherms of the 4CPEE enantiomers are presented in Figure C.3. The
Langmuirian model did not fit either the isotherm of the first eluting enantiomer
(see Figure C.3a) nor the second eluting enantiomer (see Figure C.3b). At the
lowest concentrations the competitive Langmuirian isotherm model do not fit the
first enantiomer nor the second enantiomer at all. The saturation capacity of either
enantiomer cannot be determined from this limited study. This result strongly
suggests that multilayer formation on the surface of the stationary phase due to
solute-solute interactions for both enantiomers was occurring as described by
Cavazzini and co-workers [97]. The multilayer formation did not occur without the
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(a)
(b)
Figure C.2: a) Comparing the actual, the Langmuirian fit, and the competitive
Langmuir isotherm for the first eluting enantiomer of Tro¨ger’s Base. b) Comparing
the actual, the Langmuirian fit, and the competitive Langmuir isotherm for the second
eluting enantiomer of Tro¨ger’s Base. Conditions: same as Figure C.1.
formation of the AME as indicated by the lack of selectivity on the modifier naive
columns. The non-chiral acid (ESA) was influencing the chiral environment of the
CHIRALPAK AD to create additional active sites for multilayer formation. Further
investigation is need to determine the location and retention of the ESA. Table ??
indicates the qs and best fitting model for the first eluting 4CPEE enantiomer, while
Table C.3 indicates the qs for the second eluting 4CPEE enantiomer.
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(a)
(b)
Figure C.3: a) Comparing the actual, the Langmuirian fit, and the competitive
Langmuir isotherm for the first eluting enantiomer of 4CPEE. b) Comparing the
actual, the Langmuirian fit, and the competitive Langmuir isotherm for the second
eluting enantiomer of 4CPEE. Conditions: 40 ◦C, 90/10 (v/v) hexanes/ethanol, 6
bar, 1mL/min flow rate, CHIRALPAK AD treated with ESA.
C.2.4 Propranolol
The isotherms of both enantiomers of Propranolol are presented in Figure C.4.
Similar to the Tro¨ger’s base racemic mixtures, the competitive Langmuirian
isotherm model isotherms fit both enantiomers isotherms. A more complex
Langmuirian isotherm model would be needed to accurately describe the adsorption
of these two enantiomers on the stationary phase. To the first approximation, the
saturation capacity of the first enantiomer could be determined to be 0.26 g, while
the saturation capacity of the second enantiomer was 0.3 g. Table ?? indicates the
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(a)
(b)
Figure C.4: a) Comparing the actual, the Langmuirian fit, and the competitive
Langmuir isotherm for the first eluting enantiomer of Propranolol. b) Comparing the
actual, the Langmuirian fit, and the competitive Langmuir isotherm for the second
eluting enantiomer of Propranolol. Conditions: 40 ◦C, 90/10 (v/v) hexanes/ethanol,
6 bar, 1mL/min flow rate, CHIRALPAK AD treated with DiPEA.
qs and best fitting model for the first eluting propranolol enantiomer, while Table
C.3 indicates the qs for the second eluting propranolol enantiomer.
C.2.5 Ketoprofen
A complete isotherm – from a concentration of 0.5 g/L to 17g/L in the mobile phase
– of both enantiomers of ketoprofen was completed by Ribeiro and co-workers using
a mobile phase consisting of 80/20 (v/v) hexanes/alcohol on the 20 µm
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CHRIALPAK AD stationary phase [54]. The results were that a bi-Langmuir
isotherm was the best fit for the Ketoprofen enantiomers.
C.3 Conclusion
The isotherms of the 4CPEE, Tro¨ger’s base, and ketoprofen indicate that the
Langmuir isotherms is not the best model to describe the adsorption on the
stationary phase. This would indicate that a single layer of enantiomers is not
sufficient to produce an environment necessary for the separation of these
enantiomers. If a single layer is not sufficient, then either bi-layers, such as the
bi-Langmuirian isotherm, or more complex isotherms models are required to
describe the adsorption of these enantiomers on the stationary phase. For the
isotherms of the TSO and propranolol enantiomers the Langmuir model does
describe the adsorption on the stationary phase at the concentrations used for this
study. Further investigation of the propranolol isotherm model is highly unlikely
due to limitations in separation capacity and solubility. The maximum solubility of
the propranolol racemic mixture in the mobile phase used was 0.504 mg/mL. The
instrumentation used for this study did not allow for larger volumes of material to
be injected onto the column. As a result of the limitations of the instrument and
solubility, the maximum mass of propranolol which could be used for this study is
displayed was an injection of 0.252 g for either enantiomer.
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